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Abstract
Metal oxides, such as perovskites, are flexible materials in which a large range of
properties can be accessed and tuned. This flexibility results in ideal materials
for the study of structure and properties. Understanding structure-property rela-
tionships underpins the understanding of functional materials - and provides the
fundamental motivation for this work.
The work described in the first part of this thesis focuses solely on the eval-
uation of the ambient structures of some uranium double perovskites, and their
behaviour at elevated temperatures. The results nicely complement, as well as
contribute to, the current literature.
The bulk of this work, however, involves the study of Tc-containing oxides.
Due to the challenges associated with the synthesis and characterisation of active
materials, the perovskite systems described, although simple, have never before
been studied. Therefore, this thesis describes the first known work on the tertiary
systems BaxSr1−xTcO3 and SrTcxRu1−xO3. Both systems exhibit an intimate
relationship between the structure and magnetism.
Finally, the unusual transition in a Ru-containing hexagonal perovskite Ba3BiRu2O9
is studied. Total scattering neutron data is analysed using the reverse Monte Carlo
(RMC) modelling technique, providing information on the local structure other-
wise inaccessible using traditional diffraction analysis.
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Introduction
In 1839 the calcium titanate mineral CaTiO3 was discovered in the Ural moun-
tains of Russia by Gustav Rose. It was named perovskite after the Russian miner-
alogist Lev Perovski, and this name was given to materials with the same general
ABX3 structure. The structure was first described by Goldschmidt [1] in 1926,
and characterised by Naray-Szabo [2] in 1943. The first characterisation of a per-
ovskite structure using X-ray diffraction was carried out by Helen Megaw [3] on
BaTiO3 in 1944.
The ABX3 perovskite structure itself can not only host a range of cations, but
can exist with an enormous range of modifications. These include both A and
B site compositional substitution, A-site vacancies and anion vacancies, as well
as excess oxygen. This chemical flexibility, along with well established structure-
property relationships, enables the optimisation of chemical properties. Further-
more, the perovskite is the parent of many subgroups of metal oxide materials,
such as brownmillerite and tungsten bronze, and is the building block in many
types of layered structures.
Since its discovery, the technologically useful properties and corresponding
potential applications of perovskite materials have expanded to include, but are
not limited to; ionic conductivity for use in solid-oxide fuel cells (SOFC) such
as LaMnO3 as a cathode material [4], ferroelectricity found in layered perovksite
oxides [5] for capacitors, colossal magnetoresistance in AMnO3 perovskites [6]
and superconductivity in BaPbxBi1−xO3 [7]. More recently, organic lead halide
perovskites CH3NH3PbBr3 and CH3NH3PbI3 were found to sensitize TiO2 for
light conversion in solar cells [8].
Another potential application of perovskite materials, that stems from their
1
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high stability and chemical flexibility, is the immobilisation of nuclear waste. Ce-
ramic materials, including perovskite, are being evaluated for use as host phases
in which actinides found in high level waste can be incorporated [9].
All the mentioned properties are intricately related to the structure. In order
to tailor materials, such that the desired functional property is optimised, the
relationship between structure and property must be established. This is the
underlying aim of the work described in this thesis.
1.0.1 The perovskite structure
The perovskite structure has a general formula ABX3 and is depicted in Figure
1.1. The larger A-site cation is nominally in a 12 coordinate site, the smaller B-site
cation occupies a 6 coordinate site. The structure is best described as a network
of corner sharing octahedra, with oxygen atoms located at the corners, B-cations
in the center of the octahedra, and A-cations in the large cavities formed.
A-site
B-site
Figure 1.1: The ideal cubic perovskite structure in space group Pm3m
The ideal perovskite structure is cubic in Pm3m, however the majority of
perovskite-type structures, including CaTiO3 itself, adopt a lower symmetry space
group. The symmetry of the structure depends on a number of factors, primarily
the relative size of the A- and B-cations. If the A-site cation is too small for the
cavity it occupies, the structure distorts in order to satisfy the bonding require-
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ments of both cations. The type and degree of distortion dictates the resulting
symmetry of the perovskite.
The Goldschmidt tolerance factor (t) (Equation 1.1) is a measure of the size
match of the A and B cations to the cubic perovskite topology [1]. This is a
geometric relationship derived by treating the lattice as a close-packed array of
hard spheres, where ra, rb and ro are the ionic radii of A, B and oxygen. As the
value of t diverges from unity, the structure is likely to be more distorted and thus
adopt lower symmetry. In general, perovskites with t larger than unity will adopt
a hexagonal structure.
t =
(ra + ro)√
2(rb + ro)
(1.1)
The ability of the structure to distort allows it to accommodate a seemingly
infinite possibility of cation combinations. There are three main ways in which this
distortion occurs. The first two are the distortion of the regular BO6 octahedral
units and cation displacement. The final and most common is the cooperative
tilting of the octahedra, which are approximated as rigid units. This type of
distortion is the most relevant in this work and was elegantly described by Glazer
[10].
In his paper [10], Glazer derived 23 possible tilt systems from the result of
possible combinations of cooperative octahedral tilting on the ideal cubic per-
ovskite. Each tilt system corresponds to a space group, and the notation used
to describe the tilting is now known as Glazer notation. The notation describes
the tilt system as a combination of component tilts about the pseudocubic axes,
aibjck, where the superscripts i, j, k can be either 0, + or - to indicate whether
successive octahedra along that axis have no tilt, the same tilt, or opposite tilts,
respectively. The letters describe the magnitudes of the tilts, the case where all
tilts are of different magnitudes being represented by abc, whereas aac describes
the case where tilts about the a and b axes are of equal magnitude. Another large
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contributor to the study of perovskites was Woodward [11] who investigated these
tilt systems and identified those in which the octahedra could not remain both
rigid and connected. Following this work, Howard and Stokes [12] implemented
group-theoretical methods whereby the component tilt systems are grouped into
two irreducible representations (irreps), namely the in-phase (+) tilts and the out-
of-phase tilts (-), known as M+3 and R
+
4 . The most important outcome of this work
was the resulting group-subgroup relationships between tilt systems which allows
identification of possible phase transition pathways. Figure 1.2 depicts these re-
lationships which are based on the assumption that the most likely structure will
have a symmetry that is a subgroup of the parent symmetry.
a0a0a0
Pm3m
a+a+a+
Im3
a0b+b+
I4/mmm
a0a0c+
P4/mbm
a0a0c-
I4/mcm
a0b-b-
Imma
a-a-a-
R3c
a+b+c+
Immm
a+a+c-
P42/nmc
a0b+c-
Cmcm
a+b-b-
Pnma
a0b-c-
C2/m
a-a-a-
C2/c
a+b-c-
P21/m
a-b-c-
P1
Figure 1.2: Symmetry-tree figure derived by Howard and Stokes [12] displaying the
group-subgroup relationships between the 15 perovskite space groups. A dashed
line indicates that the phase transition from group to subgroup is required to be
first order by Landau theory.
1.0.1.1 Double perovskites
An important subgroup of perovskites are formed when additional cations are
mixed on the A- and/or B-site, AA′BB′O6. If the size and charge difference be-
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tween A and A′ or B and B′ is sufficient, cation ordering may occur [13, 14, 15].
By far the most common type of B-site ordering is rock salt, for which the
B:B′ ratio must be 1:1 and the cations are distributed in a completely alter-
nating fashion. Other types such as layered and columnar ordering exist (Figure
1.3)[16, 17], but these are more commonly observed on the A-site. Examples where
the B-cations exhibit layered and columnar order include La2CuSnO6 [18] and
NdSrMn3+Mn4+O6 [19], respectively. The ordered structure A2BB
′O6 is known
as a double perovskite, because of the effect ordering has on the lattice parame-
ters. The cubic structure occupies space group Fm3m, and the lattice parameter
is twice that of the single perovskite, aF ≈ 2aP .
Figure 1.3: Structures of the different types of B-cation order in double per-
ovskites. From left to right, 1:1 rock salt order, layered, columnar.
Woodward, mentioned above, geometrically determined the space groups for
ordered perovskites from the known 23 Glazer tilt systems [11]. With the same
process used for perovskites described above, Howard, Kennedy and Woodward
[20] performed group-theoretical analysis in which the 12 possible space groups for
ordered double perovskites were derived. The group-subgroup relationships were
also identified, and these are shown in Figure 1.4.
1.0.1.2 The role of A and B cations in stabilising distorted structures
By far the most commonly observed tilt system in perovskites is a+b−b−, space
group Pnma or P21/n for an ordered double perovskite. The origin of the stabili-
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Figure 1.4: Symmetry-tree figure [20] displaying the group-subgroup relationships
between the double perovskite space groups. A dashed line indicates that the
phase transition from group to subgroup is required to be first order by Landau
theory.
sation of the a+b−b− tilt system relative to others was investigated thoroughly by
Woodward [21], whose calculations indicated that this tilt system results in the
lowest energy structure for most values of t < 1.
Calculations of YAlO3 using the Mulliken population analysis method showed
the maximum electron density on the A-site is in a+b−b− tilt pattern, suggesting
the A-O bond to have the most orbital overlap in the a+b−b− structure. This can
be explained geometrically: none of the coordinating oxygens in the a+b−b−system
are coplanar (unlike in a−a−a− or a0a0c+), and so the number of A-cation orbitals
that can participate in bonding is increased, resulting in a maximum coordina-
tion number of the A-cation. Consequently, increasing the electronegativity of
the A-cation increases the importance of the covalency of the A-O bond and so
the a+b−b− tilt system becomes more stable with a more covalent A-O bonding
interaction.
Although the B-site bonding environment remains roughly constant between
tilt systems, the σ-bonding orbitals on the A-cation and the pi-bonding orbitals on
the B-cation are in direct competition for the same oxygen p-orbitals. Therefore,
the B-cation will also play a role in the resulting structure. Furthermore, when
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B-O pi-bonding is a significant factor, the cubic structure is stabilised as a 180°B-
O-B bond angle maximises this interaction.
B-O pi-bond stabilisation of the cubic structure is greatest for d1 and d2 oc-
tahedral cations. The B-cation environment dictates the pi and pi? energy levels,
and this is the same for both cubic and orthorhombic, so the energy levels will be
centered at the same energy. The B-O-B interaction influences delocalisation - in
the cubic structure the orbitals are delocalised and broadened, whereas the bands
are narrower in the orthorhombic structure. So, as the pi? band begins to fill,
the cubic structure is stabilised since the bottom of the cubic band is at a lower
energy. Maximum stabilisation is at half full (d3), and filling more after this point
decreases cubic stabilisation. This partially explains why SrRuO3 is orthorhombic
and SrMoO3 is cubic, with Ru and Mo being d
4 and d2, respectively.
1.0.1.3 Effect of temperature and composition on structure
Temperature and doping (often referred to as chemical pressure) can both greatly
impact the crystal structure, often in a systematic way. A given structure will
generally become less distorted upon heating, or with doping of a larger cation
onto the A-site or smaller cation onto the B-site. In some cases, the structure
will undergo a series of phase transformations (thermally or chemically induced)
in response to the new bonding environment.
The Goldschmidt tolerance factor [1] (Equation 1.1) uses the size of the A- and
B-cations to predict the likely symmetry that a given perovskite will adopt, and it
can also give us information on how likely the structure is to undergo a transition
to a higher symmetry structure upon heating or chemical substitution. Generally,
the further away from unity, the more stable the distorted structure, and the
more energy required to lower the distortion. Because the electronic structure
is very sensitive to structural distortion, both electronic and magnetic properties
are intricately linked to structure. For this reason, the ability to predict the
structure based on composition and understand how it will respond to temperature
or chemical substitution is of great importance.
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1.0.2 Nuclear fuel cycle
The nuclear fuel cycle encompasses all processes involved in obtaining, using and
disposing of nuclear fuel materials. The process primarily serves the nuclear power
industry, which continues to grow with the worlds energy demands, and the need
to replace non-renewable carbon-based resources. As of August 2015, there are
438 operational power reactors worldwide, and 67 under construction [22]. Al-
though Australia does not currently use nuclear power, in addition to being a
major source of uranium ore, the country is involved with two other industries
that utilise the nuclear fuel cycle; research and medicine. The OPAL light-water
reactor operated by the Australian Nuclear Science and Technology Organisation
(ANSTO) produces neutrons that are utilised for research. ANSTO also produces
industrial and medical radioisotopes for domestic use, and as of 2009 exports these
internationally.
The components of the nuclear fuel cycle are as follows: Mining and processing
of natural uranium ore, purification of the uranium extract and conversion to the
desired chemical form, enrichment, fuel fabrication, use in the reactor before either
reprocessing, disposing of or storing the spent fuel. All of these processes, as well
as the decommissioning of facilities and defence related applications, produce a
significant amount of low, intermediate and high level radioactive waste. The
International Atomic Energy Agency (IAEA) estimates there to currently be over
29 million cubic metres of radioactive waste worldwide [23].
An adequate solution to the long term disposal of high level waste has not
yet been found. The widely used method of storing high level waste in boro-
silicate glass is only temporary, as the radiation released from radioactive decay
will eventually degrade the glass and result in leeching. This problem is relevant
to most containment materials. A potential solution lies in imitating geologically
stable naturally occurring minerals, and incorporating actinides into a crystalline
material. Some of the materials of interest include perovskite phases in which
actinides such as uranium are incorporated [9]. In order to improve the processes,
and the disposal of nuclear waste, these potential materials as well as the general
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components of spent fuel must be thoroughly investigated.
The chemical behaviour of fission products in nuclear fuel was investigated by
Kleykamp [24]. He labelled the multi-component oxide phase the ‘grey phase’,
in which fission products that are not very soluble in (U,Pu)O2 exist predomi-
nantly in perovskite materials. The Alkaline Earth cations barium and strontium
are found in the grey phase [24] and so studying the structure and behaviour
of perovskites containing Ba and Sr together with U or its various radioactive
by-products is important.
1.0.3 Technetium chemistry
1.0.3.1 History
Element 43 evaded discovery for seventy years after Mendeleev published his pe-
riodic table predicting its existence. Over this period many scientists believed
they had achieved its discovery, only to realise they were fooled by a mixture of
elements such as iridium, yttrium and niobium. The void between elements 42
and 44 on the periodic table remained until 1937.
In 1936, the Italian physicist Emilio Segre visited Ernest Lawrence at his cy-
clotron in Berkeley, California. Segre collected some discarded radioactive molyb-
denum parts that had been used in the cyclotron. He returned to Palermo, and
received more molybdenum scraps that Lawrence posted to him, as requested.
Segre and his colleague Carlo Perrier analysed the molybdenum foil sample, which
had been used as the cyclotrons’ deflector and had been subject to deuteron bom-
bardment. They separated the source of unknown activity, and then studied its
chemical and decay properties. Just as Segre suspected, the bombardment of
molybdenum, element 42, had produced the elusive element with atomic number
43.
Element 43 was the first element created by man, and in honour of this his-
toric achievement it was named technetium, after the Greek word for artificial
‘τεχνητoς’. The production of technetium by synthetic means was necessary for
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Figure 1.5: Emilio Segre in the spring of 1952 [25]. The equations on the
board indicate the reactions that produced elements or isotopes discovered by
Segre:technetium, astatine and plutonium-239.
its discovery, as all of its isotopes are unstable and so all primordial technetium
decayed long ago - the reason it remained undiscovered for as long as it did.
A major consequence of its activity is that Tc-chemistry is under-developed
relative to other transition metals, with the important exception of Tc-chemistry
relevant to medical applications. Both the fundamental knowledge of Tc-chemistry
and understanding Tc-containing oxides are important to the development of all
aspects of the nuclear fuel cycle - including the recycling and disposal of waste.
1.0.3.2 Properties of technetium
Technetium-99 is the most abundant long-lived isotope produced from the fission
of U-235, with a yield of 6.1% per fission. Each ton of uranium (3% enriched)
produces 1 kg of Tc-99 after burn up in a reactor. Its formation and decay are
shown in Figure 1.6, with a half life, t1/2, of 211,000 years. The metastable isotope
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Tc-99m is the most widely used medical diagnostic radioisotope in the world. It
decays, with t1/2 = 6 hrs, to form Tc-99 by emission of 140 KeV gamma ray. This
gamma ray is what is detected during the scan.
92U
235
42Mo
99 + 3n+ n 50Sn
134 + + γ
42Mo
99
43Tc
99m
+ β− 43Tc
99
+ γ
t1/2= 66h t1/2= 6h
43Tc
99
44Ru
99 + β−
Figure 1.6: Equations describing the production and decay of technetium.
Technetium metal crystallises in a hexagonal close-packed arrangement (P63/mmc),
and the element is chemically most similar to rhenium. The electronic structure
of elemental Tc is [Kr] 4d5 5s2, and it has been found to exist in oxidation states
up to +7, which is its preferred valence. In air it readily oxidises to form Tc2O7,
which reacts with water to form the volatile pertechnetate species, TcO−4 , which is
highly mobile and therefore a significant environmental threat. The volatile TcF6
species is also very easily formed. Incorporation of a low valence Tc into an oxide
would avoid the mobile pertechnetate species, as well as enable a greater waste
loading than boroslilicate waste forms.
Interest in Tc-chemistry was spurred by the nuclear research conducted around
the second world war, and made possible by the availability of large quantities
of technetium produced during this research. The first comprehensive study of
technetium-containing oxides was published by Roy, White and Muller in 1964.
It detailed the synthesis and characterisation of a small number of perovskite,
spinel and pyrochlore materials containing technetium. Not long after, Keller and
Wassilopulos published work on the ternary and quaternary technetium oxide
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systems, mainly containing Ba, Sr and Ca.
After this pioneering work, technetium-oxide chemistry remained essentially
dormant for forty years. Although research on the metastable isotope Tc-99m
was plentiful due to its applications in nuclear medicine, Tc-oxide chemistry was
neglected. In fact, currently there are only twenty-six Tc-containing oxide struc-
tures recorded in the Inorganic Crystal Structure Database (ICSD) (Table 1.1),
and there are still only two well characterised binary oxides, TcO2 and Tc2O7.
The work in this thesis aims to contribute to filling this void in knowledge.
Table 1.1: Literature on technetium-containing oxides
Reference
KTcO4 [26]
CsTcO4 [27]
NH4TcO4 [28]
Tc2O7 [29]
TcO2 [30]
Cd2Tc2O7 [31]
CdTcO3 [32]
Co2TcO4 [33]
SrTcO3 [32]
Nd2Tc2O7 [9]
Sr2TcO4 [9]
Bi2Tc2O6 [34]
CaTcO3 [35]
PbTcO3 [36]
Sm2Tc2O7 [36]
Dy2Tc2O7 [36]
Er2Tc2O7 [36]
Mg2TcO4 [36]
Mn2TcO4 [36]
NiZnTcO4 [36]
Sn2ReTcO6 [37]
Pb2ReTcO6 [37]
La2NiTcO6 [38]
Bi3TcO8 [34]
AgTcO4 [39]
RbTcO4 [40]
1.0.4 4d transition metal perovskites
Partially filled d-bands in transition metals give rise to a range of interesting
magnetic properties. The oxides of 3d transition metals exemplify this, and have
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been extensively studied for many years. Recently, 4d transition metal oxides have
attracted more attention with the discovery of magnetic behaviour ranging from
paramagnetism to antiferromagnetism and ferromagnetism in materials that are
semiconductors, insulators and metals. In addition to this range of conventional
properties, quite remarkable magnetic behaviour has been observed in a number
of 4d transition metal oxides, including quantum phase transitions in BaRu6O12
[41], meta-magnetic metallic behaviour in Sr3Ru2O7 [42], superconductivity in
Sr2RuO4 (Tc = 0.93) [43], itinerant electron ferromagnetism in SrRuO3 [44] and
an unusually high magnetic ordering temperature in SrTcO3 [45].
In an octahedral field the d-orbitals are divided into the t2g and eg sets, directed
in between and along coordinate axes, respectively. The 4d orbitals are more
extended relative to 3d, which has a number of consequences in the context of
perovskite-like materials, ultimately resulting in a strong coupling between the
lattice and electronic structure [46]. The electronic structure of a transition metal
determines the magnetic properties, and so these are strongly dependant on the
structure. Before elaborating on this, the possible magnetic interactions must be
mentioned.
In paramagnetic materials, unpaired electron spins will align in the presence
of an external field, resulting in a net magnetic moment. If the spins interact with
each other, they may align without the presence of a field and the different ways
in which they may align are shown in Figure 1.7.
In perovskite related oxides, with a 4d transition metal occupying the B-site,
these interactions occur via the bridging oxygens. Goodenough has extensively
described these interactions in oxides with superexchange theory [47]. This inter-
action is dependant upon the geometry of the B-O-B bond as well as the nature
of the B-O bond. Both of these factors in turn depend on the A- and B-cations
which determine the structure. Some factors that contribute to stabilising par-
ticular distorted structures/tilt systems have been discussed above, and here the
dependence of the properties on the structure will be emphasised.
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Figure 1.7: Types of magnetic order.
1.0.4.1 Nature of the d-electrons: Localised and collective
Electronic and magnetic properties of 4d transition metal oxides are determined
by d-electron character, and very small changes to the structure can have a large
impact on the d-electron character and thus properties.
In a lattice, the outer electrons can be described as either being localised or
collective [48]. In the former case, crystal-field theory is appropriate to describe
their behaviour which assumes the electrons are confined to the atoms to which
they belong. Here covalency allows super-exchange magnetic interactions to occur
between neighbouring atoms. In the latter case, band theory describes the outer
electron behaviour for which they are considered to belong to the whole crystal.
Outer f electrons are always treated as localised as they are tightly bound to
the nucleus, and are screened from other atoms by the s and p electrons. In this
situation, the bandwidth, W , and transfer energy, B, (both proportional to the
orbital overlap) are small relative to the Coulomb energy, U , which is the energy
required to transfer an electron. The opposite is the case for electrons in outer s
and p orbitals which are treated as collective, since these orbitals have sufficient
overlap with neighbouring atoms. In the case of the 4d transition metals, strong
cation-anion-cation interactions (caused by the extent of the d-orbitals) increases
B and W , and can reduce the localised nature of the electrons. The result is a
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subtle balance between localised and collective character, and this gives rise to
the exotic properties seen in 4d transition metal oxides.
Furthermore, the larger atomic number of 4d transition metals, relative to the
3d, results in stronger spin-orbit coupling [49, 50]. This can give rise to many
effects including magnetic anisotropy [49].
1.0.4.2 Influence of A and B cations and structure
The nature of the A and B cations will influence the resulting properties in a
number of ways. The first being the structure; the size and charge difference
between the cations will determine the crystal structure and degree of distortion.
The distortion of the octahedral site itself will remove degeneracy in the d-bands
and octahedral tilting will change the M -O-M bond angle, which will alter the
bandwidth and thus exchange interactions (180 °bond angle maximises exchange
interactions).
The other important factor is the type of A and B cations. The cation-anion
transfer energy increases with radial orbital extension, which depends on the tran-
sition metal B-cation. Also, since the A-cation competes for bonding with the
oxygen ppi orbital, the covalency of the A-cation will impact the nature of the
B-O bond.
1.1 Aims
This dissertation is organised into chapters that correspond to different classes of
oxides, each with distinct goals. In all cases a combination of X-ray and neutron
diffraction techniques are utilised as the main characterisation tools.
The first chapter describes work involving uranium-containing double per-
ovskites. The main aim of this work was to investigate the structure of materials
in the group AA′BUO6 with A/B = Ba, Sr, Ca. Firstly to determine accurate
room temperature structures and then evaluate their high-temperature behaviour,
in order to compare both the ambient structures and any thermally induced phase
transitions.
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The second chapter describes studies of various Tc-oxide systems; A-site dop-
ing of SrTcO3, B-site doping of SrTcO3, and finally the simple oxides, TcO2 and
NH4TcO4. In all cases, the focus is on the relationship between structure and
properties.
The final chapter describes the investigation of the 6H hexagonal perovskite,
Ba3BiRu2O9, by the analysis of total X-ray scattering data using the reverse
Monte Carlo (RMC) technique. The work aims at using a local structure probe
in combination with modelling in order to understand the interesting transition
that this Ru-containing perovskite undergoes.
Chapter 2
Experimental
2.1 Introduction
2.2 Diffraction techniques
Early theories on the symmetry of crystals were challenged by the discovery of
X-rays by Wilhelm Rontgen in 1895. It was not until 1912 that Max Von Laue
discovered the diffraction of X-rays by crystals. Following this, the pioneering work
of William Lawrence Bragg and his father, William Henry Bragg, developed the
fundamental theory that enables us to use X-ray diffraction to solve the structure
of a crystal. It has remained one of the most powerful techniques for structure
determination to this day.
In this technique X-rays, neutrons, or electrons are directed towards a crys-
talline sample whose lattice planes act like a diffraction grating. The scattered
particles can constructively interfere, resulting in reflections at positions obeying
Braggs law (Equation 2.1) which relates an integer n number of wavelengths λ to
the distance between planes d and the angle of diffraction θ:
nλ = 2dsinθ (2.1)
2.2.1 Laboratory X-ray diffraction
Powder X-ray diffraction (PXRD) was used as the principal tool in the characteri-
sation of all powder materials in this project and as a means to check the progress
of a reaction.
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Patterns were obtained using a PANalytical XPert PRO MPD X-ray diffrac-
tometer (45 kV, 40 mA, divergence slit 0.25 and anti-scatter slits 0.5) in Bragg
Brentano configuration, equipped with a PIXcel detector using Cu-Kα radiation
with wavelengths λα1 = 1.5406 A˚ and λα2 = 1.5444 A˚. Data were collected over
the range 10°< 2θ < 110° with a step size of 0.0130° (2θ) and the time per step
56.56 s. Prior to measurements, samples were finely ground in an agate mortar
and pestle, placed into flat plate sample holders and flattened using a glass mi-
croscope slide to ensure a flat uniform surface at the correct height. The sample
was rotated in the beam in order to minimise the effects of preferred orientation
and increase the statistics.
The variable temperature data were collected on a PANalytical XPert PRO
MPD X-ray diffractometer (45 kV, 40 mA, divergence slit 0.25 and anti-scatter
slits 0.5) equipped with an Anton-Paar HTK-2000 furnace stage. Measurements
were taken over the range 10°< 2θ < 110° with a step size of 0.0330° (2θ) and the
time per step 147.98 s. Samples were finely ground in an agate mortar and pestle,
placed onto a platinum strip and flattened using a glass microscope slide to ensure
a flat uniform surface. Measurements were taken for temperatures between 25°C
< T < 1100°C in air at 50°C intervals, with an equilibration time of five minutes.
2.2.2 Synchrotron X-ray diffraction
Synchrotron X-rays were used to achieve data with an improved signal to noise ra-
tio and better resolution than possible with laboratory P-XRD. These X-rays are
produced by radially accelerating electrons around a ring, the resulting high energy
X-rays are directed down a beamline and subject to various filters, monochroma-
tors and mirrors appropriate for the desired measurement. Resolution refers to the
resolution of peaks, measured using the achievable peak width (full width at half
maximum, FWHM) which corresponds to the smallest change in lattice parameter
that can be detected (∆d/d). In this case, high resolution is made possible by
the high intensity beam that allows collimation without compromising flux at the
sample.
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Synchrotron X-ray diffraction data were collected on the powder diffraction
beamline, 10-BM, at the Australian synchrotron. The beamline is located on a
bending magnet source that delivers the light (5-30 KeV) through an aperture and
radiation shutter, before entering the optics hutch. After passing through slits, a
vertical collimation mirror collimates the beam onto a double crystal monochro-
mater (DCM), with either a flat pair Si(111) or a flat/bent pair of Si(311) crystals.
After passing through another pair of slits then a vertical focusing mirror, the fo-
cused beam enters the experimental hutch through a final radiation shutter and
is delivered to the sample through a final set of slits used to select the beam size
(set at approximately 0.5 mm by 0.5 mm).
The energy was selected based on the sample, in order to minimise absorption
and avoid absorption edges. Finely ground samples were packed into 0.3 mm or
0.2 mm glass or quartz capillaries and placed onto the spinning capillary holder
attachment equipped with a motorised goniometer that allowed for automatic
alignment. Since 10-BM uses an area detector, precise alignment of the sample
is critical. Samples were rotated during data collection to minimise the effects of
preferential orientation and to improve powder averaging. The diffractometer uses
16 MYTHEN microstrip detectors each of which which contain 15000 independent
data channels covering a 80 degree range in 2θ. The data was collected in the range
2θ = 5-85° in two frames shifted by 0.5° in order to cover gaps between individual
detector modules. The exact wavelength was accurately refined using LaB6 (NIST
standard 660b). This set up can achieve an incredibly high number of counts, and
the resulting data contain an enormous number of data points. Consequently,
any small deviations of the refined model from the pattern will correspond to a
relatively large goodness of fit value.
Variable temperature measurements were conducted using a Cyberstar hot air
blower for heating in the range 25°C - 1000°C. For these measurements, samples
were packed into quartz capillaries. An Oxford Cryosystems Cryostream Plus
system was used to perform low temperature experiments in the range 80 - 500
K.
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2.2.3 Neutron diffraction
The majority of the neutron powder diffraction (NPD) patterns were obtained
using the constant wavelength High Resolution Powder (HRPD) and High Inten-
sity Powder Diffractometers (HIPD), Echidna and Wombat, respectively. These
instruments are located on the Open Pool Australian Lightwater (OPAL) reactor,
at the Australian Nuclear Science and Technology Organisation (ANSTO). At
OPAL neutrons are produced during the fission of uranium, with approximately
20% U-235. The neutrons are initially passed through a moderator, deuterated
water, in order to obtain thermal neutrons with energy around 25 meV (similar to
the vibrational energy in materials at room temperature). Neutron guides deliver
these neutrons to the Echidna and Wombat instruments that are located 49 m
and 58 m from the reactor core, respectively.
2.2.3.1 Echidna
Echidna is the high resolution neutron powder diffraction instrument. The neu-
trons are initially passed through a Ge 335 monochromator, comprised of 23
crystal slabs. A highly collimated beam with a maximum resolution of ∆d/d =
4.3 × 10−4 is achieved by using 5° collimators positioned in front of each of the
128 He3 position-sensitive detectors. This occurs at the expense of some intensity,
and so the collection times can be quite long (1-6 hours depending on sample
factors). The possible wavelengths available are 1-3 A˚, and the flux at the sample
is estimated to be > 106 n cm−2 s−1 at maximum resolution.
Finely ground samples were held in 50 mm high vanadium cans with a diameter
of 6 mm or 9 mm. Data were collected at either 1.6 A˚ or 2.4 A˚ over the range
5°< 2θ < 160° with a step size of 0.05 (2θ). Large samples (at least 5 g) were
required to compensate for low intensities caused by a combination of a low flux
of incoming neutrons as well as the weak interaction between neutrons and the
nucleus. However, in some cases the sample size was limited, and longer collection
times were required.
High temperature data were collected using an ILL-type vacuum furnace, ca-
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pable of reaching 1600°C. This furnace is heated by passing currents of up to 300 A
through a thin niobium element, and the temperature controlled with a W5-type
thermocouple (Tungsten 5%/Rhenium - Tungsten 26%/Rhenium). Low temper-
ature experiments were performed using a AS Scientific top loading cryofurnace,
in the temperature range 4 K < T < 300 K.
2.2.3.2 Wombat
The Wombat instrument is optimised to have a large neutron flux and produce
high intensity data. The large maximum flux at the sample of > 106 n cm−2
s−1 is achieved by sacrificing resolution, the maximum of which is ∆d/d = 2 ×
10−3. The neutrons are initially guided through a vertically focussing Ge 115
monochromator, which gives neutrons with wavelengths in the range 0.9 - 2.4 A˚.
The scattered radiation is measured by a continuous area detector that is 200 mm
high and spans 120 degrees, comprised of eight 15° curved panels. The detector
geometry and capabilities enable fast collection times, making this instrument
ideal for kinetic studies, although this capability was not exploited in the current
work. The large flux and corresponding high intensity makes it possible to use
a small sample and detect weak superlattice reflections, which was essential in
detecting magnetic reflections in small Tc samples.
Finely ground samples were held in 50 mm high vanadium cans with a diameter
of 6 mm or 9 mm. Data were collected over the range 17 °< 2θ < 136° with a step
size of 0.12 (2θ). Unusually long collection times were used when only very small
amounts of sample were available. Low temperature experiments were performed
using a AS Scientific top loading cryofurnace, in the temperature range 4 K < T <
300 K.
2.2.3.3 GEM
The general materials diffractometer (GEM) operates at the ISIS neutron source
located at Rutherford Appleton Laboratory in Oxfordshire, UK. ISIS is a spal-
lation source, an alternative method of producing neutrons by bombardment of
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a metal (tantalum clad tungsten) target by high energy (160 kW) proton pulses.
The pulses of neutrons produced are very intense and are first moderated using
different hydrogenated moderators. Unlike the neutrons produced from a reac-
tor, the spallation source neutrons arrive at the sample in pulses without any
monochromation and so have a range of energies. Because the initial position and
velocity of each pulse is known, the velocity and therefore energy of the neutrons
may be separated by measuring the time taken for them to arrive at the detec-
tor. This is known as the time-of-flight (TOF) method, and has many advantages
including allowing diffraction patterns to be collected with a fixed detector, and
increased intensity neutron flux. Furthermore, compared to neutrons from a re-
actor source, the spallation process produces a larger range of energies, enabling
access to a larger Q-range.
GEM has an enormous detector array has a total of 7270 detector elements
covering an area of 7.270 m2. The instrument is located approximately 17 m
from the metal target that produces neutrons. This relatively long flight path,
for a TOF diffractometer, results in modest intensity but excellent resolution of
approximately ∆Q/Q = 0.34% in reciprocal space. This high Q-resolution is ideal
for correlation function experiments.
2.2.4 Synchrotron X-ray Vs Neutron diffraction
A combination of both X-ray and neutron diffraction is ideal for the complete
understanding of a given system, however one may be more useful than the other.
The advantages and disadvantages associated with each technique are important
to evaluate given that access to the instruments is very competitive. The main
differences are a consequence of the different interaction of X-rays and neutrons
with matter, and the resolution and intensity each technique can provide.
The distinctive nature of X-rays and neutrons means that they interact very
differently with the material. X-rays interact with the electron cloud of an atom,
this has three main consequences. The first being that it generally does not pen-
etrate very far into a material, dependant on the X-ray energy, the second is that
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the interaction is proportional to the number of electrons. This means that the
scattering of lighter elements in the presence of heavier elements is relatively weak,
and so X-rays are generally not considered appropriate for determining informa-
tion about light elements such as hydrogen, lithium and, to some extent, oxygen
in ceramic materials. In contrast, neutrons interact with the nucleus of a mate-
rial, an interaction that does not depend on the number of electrons. Therefore,
neutrons are more appropriate in analysing materials with light elements in the
presence of heavier elements, or when distinguishing between elements very sim-
ilar in atomic number. Thirdly, since the nucleus is very small it acts as a point
scatterer to neutrons, and so the scattering factor of neutrons as a function of the
angle, or the form factor, does not depend on the shape of the relatively large
electron cloud as it does for X-rays. Consequently, substantial neutron scattering
intensity is possible to high 2θ angles in neutron diffraction measurements.
The final important difference between the neutron and X-ray is that neutrons
have a spin and a magnetic moment. As a result, they are able to interact with
any atomic magnetic moments in the sample and so can be used to probe magnetic
structure.
Synchrotron XRD is superior in both intensity and with two notable excep-
tions, resolution, the higher intensity of X-rays allows the use of a narrow band
pass which produces a highly monochromatic X-ray beam that can then be highly
collimated, without sacrificing flux at the sample. In the case of TOF neutron
diffraction, the errors associated with the TOF method also result in poor resolu-
tion relative to SXRD (with a few exceptions, namely HRPD at ISIS and S-HRPD
at JPARC, which use long flight paths to achieve resolution comparable to SXRD).
The higher flux available with SXRD has additional advantages; faster collection
times, smaller required sample size and better signal-to-noise.
These final factors, along with greater resolution, are the significant advantages
of SXRD over NPD. However, when heavy elements are present in the samples,
and the oxygen positions can dictate the structure (as in the case of perovskites),
neutron powder diffraction becomes a necessary tool. Furthermore, any magnetic
structure information can only be derived from neutron diffraction.
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2.3 Structural analysis
The task of solving the structure of an unknown compound is often non-trivial and
requires single crystal diffraction data, although in some cases it is possible with
high quality SXRD or NPD data. This was not necessary in the current work, as
all possible perovskite structures resulting from distortions are well established,
as discussed in chapter 1. These structures can in some cases be differentiated by
visual inspection of the diffraction pattern.
Firstly, peak splitting indicates that the symmetry is lower than cubic, and
further inspection of the splitting can indicate the type of crystal system. If the
splitting is significant and characteristic of a particular crystal system, the possible
structures can be identified with the aid of the work of Howard et al. [12, 20].
Another feature of a diffraction pattern that can be used to identify the struc-
ture is the presence of superlattice peaks. For both single and double perovskites,
octahedral tilting produces additional, sometimes weaker reflections, labelled by
the point on the Brillouin zone as described by Howard et al. [12], R-, M -, or
X-point. These correspond to the presence of out-of-phase, in-phase and both in-
and out-of-phase tilting, respectively, in ABX3 perovskites.
The combination of peak splitting and the presence or absence of these peaks is
a powerful indicator of the structure. However, using these can often be misleading
for a number of reasons. When a high degree of pseudo-symmetry is present, as is
sometimes the case with perovskites, the peak splitting indicative of a distorted
structure may be absent such that the system appears to adopt a higher symmetry
cell than it actually does. Additionally, the presence of rock-salt ordering in
double perovskites also contributes to the R-point reflections, and so the presence
of intensity of these can indicate either ordering or out-of-phase tilting, or both.
The final complication is that the super-lattice reflections caused by octahedral
tilting are relatively very weak (in the presence of heavy cations contained in the
samples of interest) in X-ray patterns.
These challenges may be overcome by the use of a combination of neutron
and X-ray diffraction techniques. Where possible, combined refinements, that is
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using both X-ray and neutron data sets, were performed in order to exploit the
advantages of both techniques.
2.3.1 Rietveld method
Rietveld refinement of a structural model is a way of obtaining information about
the crystal structure of a material, from powder diffraction data. The Rietveld
method fits a calculated model to an entire data set using a least squares min-
imisation process. By fitting the entire pattern, the obstacle of peak overlap is
overcome such that the splitting of overlapped peaks does not need to be observed.
The general structure including space group, approximate lattice parameters, and
atomic positions, must be known prior to the refinement process. An unreason-
able or incorrect initial model can give an unstable refinement or result in a false
minimum.
The Rietveld method determines a calculated intensity, given by Equation 2.2,
at each point of the pattern, yic. The variables are the background intensity, yib,
the normalised peak profile function, Gik, the intensity of the k
th Bragg reflection
at point i is Ik, and p is the number of phases present.
yic = yib +
∑
p
kp2∑
k=kp1
GpikIk (2.2)
Individual parameters are refined, starting with global parameters which are
dependent upon the instrument and sample environment. These may include
the background, zero-offset, peak shapes, absorption, and instrumental parame-
ters. The structural parameters, which depend upon the chemical structure of
the sample, may be refined once the global parameters are stable. These include
cell parameters, atomic displacement parameters (ADP), atomic positions, and
occupancies.
2.3. Structural analysis 26
The refinement is theoretically complete when all parameters can be refined
simultaneously and the refinement remains stable. This should produce the model
of best fit which can be assessed using various R-factors and the goodness of fit
term, χ2, where the deviation from 1 reflects the difference between the calculated
model and obtained data (Equation 2.5). However, problems such as reaching a
local minimum instead of a global one, or correlations among the parameters can
give an incorrect result. To avoid this, parameters must be constantly monitored
to make sure none become unreasonable. That is the refined structural model must
be chemically sensible and the various parameters physically possible. Refinements
in this project were performed using the Rietveld method, implemented in the
programmes Rietica [51], GSAS [52, 53] or Fullprof [54], as appropriate.
For most diffraction patterns, isotropic displacement parameters were refined
and the background estimated using a fifth-order polynomial in two theta. Each
diffractometer will give a unique profile dependent upon the instrumental set-
up, and so a combination of Gaussian and Laurentian functions must be used to
describe the peak shapes. A pseudo-Voigt function coupled with a Finger-Cox-
Jephcoat asymmetry [52] correction was appropriate for most refinements.
The high resolution patterns obtained on the Echidna diffractometer [55] al-
lowed anisotropic displacement parameters to be accurately refined, significantly
improving the fit to some data. Where the background had considerable structure,
such as from the capillary, the background was estimated using a linear interpo-
lation between a set of manually selected points, rather than a mathematical
function.
In some cases, both SXRD and NPD data were collected and the model was
refined against both data sets simultaneously, in order to improve the accuracy
and precision of the refinements. For each refinement, the lattice parameter was
initially refined using the value obtained from the SXRD refinement. In some
cases, the wavelength of the less precise measurement was relaxed in order to
assist the combined refinement.
The quality of the refinements is judged by firstly evaluating how reasonable
each parameter is, and secondly by examining the statistical measures of the
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quality of the fit calculated by the program. These include the profile factor Rp
(Equation 2.3), the weighted profile factor Rwp (Equation 2.4), and the goodness
of fit term χ2 (Equation 2.5).
Rp =
∑ |yiobs − yicalc|∑
yiobs
(2.3)
Rwp =
[∑
wi(yiobs − yicalc)2∑
wiy2iobs
]1/2
(2.4)
χ2 =
∑
wi(yiobs − yicalc)2
N − P (2.5)
Where wi is the weight assigned to the individual step intensity and is given
by wi =
1
σ2i
, with σ2i being the variance at the i
th step. The yiobs and yicalc are
the set of observed and calculated intensities, respectively, at each step, N is the
number of observed steps, and P are the number of refined parameters.
While a lower value indicates a better fit for all of these, it is important to note
that the χ2 term depends strongly on the signal-to-noise. A larger χ2 value for a
fit of a SXRD pattern compared to the fit of a NPD pattern does not necessarily
reflect a better model, as the much improved signal-to-noise will impact the χ2
value. Therefore, comparison of these values between different diffraction patterns
is not always useful, although these values can often distinguish between different
structural models. Ultimately, the residuals can’t be solely relied on and the model
must be thoroughly examined to ensure that it is chemically sensible.
2.4. X-ray absorption near-edge structure (XANES) spectroscopy 28
2.4 X-ray absorption near-edge structure (XANES)
spectroscopy
2.4.1 Soft X-ray beamline Australian synchrotron
X-ray spectra at energies below 2500 eV were obtained at the soft X-ray beamline
at the Australian synchrotron [56]. An elliptically polarised undulator delivers
the high energy photons through the optics hutch containing a number of slits
and mirrors which focus the beam, as well as a monochromator which tunes the
wavelength. The photon energy range is 90-2500 eV with a resolution of ∆E/E
= 5000-10,000. The flux that reaches the sample is between 3 × 1012 and 5 ×
1011 photons s−1, with the beam size chosen to be 0.15 mm by 0.015 mm. All
measurements were performed under ultra high vacuum due to the low energy of
the photons used.
Powdered samples were mixed with a minimum amount of epoxy resin, and the
thick paste formed was allowed to dry and harden on an approximately 1.1 mm
space in the centre of a specially designed sample stage. Spectra were collected
from approximately 30 eV below to 80 eV above the absorption edge, with a step
size of 0.2 eV using both total electron yield (TEY) and fluorescence yield (FLY)
modes. The data were analysed using the ATHENA program[57].
2.4.2 X-ray absorption spectroscopy (XAS) beamline
The XAS beamline at the Australian synchrotron utilises high and medium energy
X-rays to probe short and medium-range order in materials. The XAS intrument
consists of a 1.9 T wiggler that delivers X-rays, of energies between 5-35 KeV,
into the optics hutch containing a number of slits and mirrors which focus the
beam. The double crystal monochromator is either Si(111) or Si(311), which give
resolutions of ∆E/E = 1.5 × 10−4 or ∆E/E = 4 × 10−5, respectively. The flux
that reaches the sample is between 5 × 1012 and 1 × 1011 photons s−1, with the
beam size chosen to be either 5 mm by 1 mm or 0.5 mm by 0.2 mm. Data were
2.5. Physical Property Measurement System (PPMS) 29
collected in transmission mode using ionisation chambers.
Powdered samples were mixed with an appropriate amount of boron nitride
before being pressed between two pieces of Kapton tape and placed in front of the
beam. Spectra were collected from approximately 200 eV below to 1000 eV above
the absorption edge, with a step size of 0.25 eV.
2.5 Physical Property Measurement System (PPMS)
Magnetic measurements were performed using the vibrating sample method (VSM)
on a Quantum Design physical property measurement system (PPMS). Approxi-
mately 5 mg of powdered sample was placed into a plastic sample container with
a small magnetic response. This was fitted into a metal sample holder tube that
was then placed into the PPMS chamber. A short scan was performed to align
the sample in order to achieve maximum signal and the chamber was purged to
remove any contaminants. The magnetic susceptibility was measured under a field
of 0.1 T and magnetization measurements were collected with applied fields of up
to 9 T.
Chapter 3
Uranium double-perovskite oxides
3.1 Introduction
Double perovskite oxides, AA´BB´O6, can exhibit a range of tuneable and inter-
esting properties related to the cation ordering, including superconductivity [58],
ferromagnetism [59], magnetoresistance [60] and photoluminescence [61]. There is
reason to believe that actinide-containing double perovskites also exist [62] in the
multi-component phase of irradiated mixed-oxide fuel (MOX), known as the “grey
phase” [24]. The grey phase contains a significant proportion of perovskites incor-
porating actinides and the fission products barium-137 (from parent nuclide Cs-
137) and strontium-90, the general formula is given by (Ba,Sr)(U,Pu,Zr,Ln,Mo)O3.
The structure of uranium perovskites was a research subject of the renowned
Hugo Rietveld, creator of the Rietveld method [63]. In fact, these compounds
were among the first to be refined using the method [64]. A large number of
uranium double perovskites were studied over 40 years ago by a number of groups
including Sleight and Ward [65], Rudorff and Pfitzer [66] and Kemmler-Sack [67].
However, due to the high degree of pseudo-symmetry these structures can possess,
as well as the reliance on X-ray diffraction techniques, it is timely to re-examine
these oxides. A list of previous studies of U-containing perovskites relevant to the
present thesis is given in Table 3.1.
The strong dependence of the properties of a material on its structure is well
established, and in order to exploit this, the structure must be accurately deter-
mined. The general technological importance of double perovskites, as well as
the relevance of uranium-containing double perovskites in the nuclear fuel cycle
lends importance to understanding the structure and high temperature behaviour
30
3.1. Introduction 31
of these materials.
In addition to establishing accurate structures for the alkaline earth uranium
double perovskites, this chapter describes ambient and high temperature struc-
tures of some of these in an attempt to expand the understanding of why a par-
ticular tilt system is favoured at room temperature or at high temperatures.
Table 3.1: Structural information on some previously described uranium-
containing double perovskites.
a (A˚) b (A˚) c (A˚) β (°) Symmetry Reference
Ba2CaUO6 8.69 Cubic [66]
6.15 6.12 8.64 [67]
8.67 Distorted cubic [68]
8.67 Distorted cubic [65]
6.16 6.12 8.70 90.10 P21/n [69]
Ba2SrUO6 8.84 Cubic [66]
6.25 6.27 8.84 89.76 P21/n [70]
8.84 Distorted cubic [65]
6.27 6.24 8.84 [67]
6.24 6.26 8.86 Orthorhombic [68]
BaSrCaUO6 8.58 Cubic [67]
Ba3UO6 8.90 Cubic [66]
8.91 Rhombohedral [71]
8.89 Distorted cubic [65]
44.60 44.30 8.97 [67]
Sr3UO6 5.98 6.21 8.58 90.38 P21/n [72]
6.22 8.65 6.01 Orthorhombic [65]
5.99 6.22 8.60 90.20 Monoclinic [67]
Distorted cubic [66]
5.96 6.18 8.55 90.19 Monoclinic [63]
Ca3UO6 Distorted cubic [66]
5.73 5.96 8.30 90.57 Monoclinic [63]
5.72 5.95 8.29 90.50 Monoclinic [67]
5.73 5.96 8.30 90.56 P21/n [73]
5.74 5.95 8.31 90.40 P21/n [74]
5.95 8.26 5.73 Orthorhombic [65]
5.73 5.96 8.30 90.55 P21/n [75]
BaSr2UO6 6.26 8.76 6.13 Orthorhombic [65]
6.24 6.12 8.72 [67]
Sr2CaUO6 6.06 8.46 5.93 Orthorhombic [65]
5.94 6.07 8.46 90.14 P21/n [70]
5.93 6.08 8.46 90.20 Monoclinic [67]
Ba2YUO6 8.69 Distorted cubic [65]
8.68 Rhombohedral [76]
Ba2Y0.67UO6 8.67 Rhombohedral [76]
*The space group is listed only when this was reported in the listed reference.
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3.2 Synthesis
3.2.1 U3O8
Triuranium octoxide was prepared by decomposition of uranium acetate. The
dark green product was obtained after heating UO2(CH3COO)2.2H2O at 500 °C
for 24 hours.
3.2.2 Ba2SrUO6
Approximately 5 g of Ba2SrUO6 were prepared by mixing stoichiometric amounts
of UO2(NO3)2 6H2O, BaCO3 and SrCO3 in an acetone slurry in an agate mortar
and pestle. The resulting yellow powder was heated at 1400 °C for 12 h in air.
The powder was reground, pressed into a single pellet using a large die and heated
at 1400 °C for a total of 102 h with intermittent regrindings and pelleting to yield
the final orange product.
3.2.3 Ba2CaUO6
Approximately 5 g of Ba2CaUO6 were prepared by mixing stoichiometric amounts
of U3O8, BaCO3 and CaCO3 in an acetone slurry using an agate mortar and pestle.
The powder was pressed into a pellet and heated at 1000 °C for 12 h in air before
being re-ground and sintered, again as a pellet, at 1100 °C for 12 h.
3.2.4 BaSrCaUO6
Approximately 5 g of BaSrCaUO6 were prepared by mixing stoichiometric amounts
of U3O8, BaCO3, SrCO3 and CaCO3 in an acetone slurry using an agate mortar
and pestle. The powder was heated at 800 °C for 12 h in air, then re-ground and
pressed into a pellet and heated at 1000 °C for 12 h. The resulting yellow powder
was again ground and pressed into a pellet before being sintered at 1195 °C for 24
h.
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3.2.5 BaSr2UO6
Approximately 5 g of BaSr2UO6 were prepared by mixing stoichiometric amounts
of U3O8, BaCO3 and SrCO3 in an acetone slurry using an agate mortar and pestle.
The powder was pressed into a pellet and heated at 1000 °C for 12 h in air before
being re-ground and sintered, again as a pellet, at 1100 °C for 12 h.
3.2.6 Ba3UO6
The attempts to synthesise Ba3UO6 are as follows:
1. Stoichiometric amounts of UO2(NO3)2.6H2O and BaCO3 were mixed in an
acetone slurry using an agate mortar and pestle. The powder was heated at 1000
°C for 12 h in air, then re-ground and pressed into a pellet and heated at 1400 °C
for 6 h. The powder was re-ground and the last step was repeated twice more.
2. Stoichiometric amounts of U3O8 and BaCO3 were mixed in an acetone
slurry using an agate mortar and pestle. The powder was heated at 600 °C for 12
h in air, then re-ground and pressed into a pellet and heated at 1000 °C for 6 h.
The powder was re-ground heated as a pellet at 1100 °C/12 h and twice at 1300
°C/12h, with intermittent re-grindings and pelleting.
3.2.7 Ba2.875UO6
Approximately 5 g of Ba2.875UO6 was prepared by mixing stoichiometric amounts
of U3O8 and BaCO3 in an acetone slurry using an agate mortar and pestle. The
powder was heated at 600 °C for 12 h in air, then re-ground and pressed into a
pellet and heated at 1000 °C for 12 h. The resulting powder was again ground
and pressed into a pellet for subsequent firings at 1195 °C/12 h, 1300 °C/24 h and
1400 °C/48 h.
3.2.8 Sr2CaUO6
Approximately 5 g of Sr2CaUO6 were prepared by mixing stoichiometric amounts
of U3O8, CaCO3 and SrCO3 in an acetone slurry using an agate mortar and pestle.
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The powder was pressed into a pellet and heated at 1100 °C for 12 h in air. This
step was repeated twice more, with intermittent re-grindings and pelleting.
3.2.9 Sr3UO6
Approximately 5 g of Sr3UO6 were prepared by mixing stoichiometric amounts
of U3O8 and SrCO3 in an acetone slurry using an agate mortar and pestle. The
powder was pressed into a pellet and heated at 950 °C for 12 h in air. The powder
was re-ground, and heated as a pellet at 1000 °C for 12 h twice, with intermittent
re-grindings and pelleting.
3.2.10 Ca3UO6
Approximately 5 g of Ca3UO6 were prepared by mixing stoichiometric amounts
of U3O8 and CaCO3 in an acetone slurry using an agate mortar and pestle. The
powder was heated at 800 °C for 12 h in air, then re-ground and pressed into a
pellet and heated at 1000 °C for 12 h. The resulting yellow powder was again
ground and pressed into a pellet before being sintered at 1195 °C.
3.2.11 Ba2Y UO6
Stoichiometric amounts of U3O8, BaCO3 and Y2O3 were mixed in an acetone
slurry using an agate mortar and pestle. The powder was heated at 800 °C for
12 h in air, then re-ground and pressed into a pellet and heated at 1000 °C for 12
h. The resulting yellow powder was again ground and pressed into a pellet before
being heated at 1100 °C/24 h and then 1300 °C/48 h. Attempts to synthesise the
analogous oxides with B = Fe, Ga, Ag, Ru were unsuccessful.
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Table 3.2: Unit cell information on various ambient U-perovskites extracted from
Rietveld refinement of NPD and SXRD data. Complete refined parameters are in
appendix 1.
t Space Group a (A˚) b (A˚) c (A˚) β (°)
Ba2.875UO6−δ I4/mmm 12.69791(3) 12.6979(3) 17.49952(2) 90
Ba2SrUO6 0.905 P21/n 6.24635(2) 6.26963(2) 8.83141(3) 89.7881(1)
Ba2CaUO6 0.942 P21/n 6.16170(4) 6.11787(4) 8.64588(5) 90.0984(3)
BaSr2UO6 0.8797 P21/n 6.13109(2) 6.24051(2) 8.73149(2) 89.904(1)
BaSrCaUO6 0.915 P21/n 6.05541(7) 6.09083(6) 8.57261(9) 90.074(2)
Ba2YUO6 0.963 I2/m 6.11641(6) 6.13407(6) 8.64491(8) 90.011(4)
Sr3UO6 0.854 P21/n 6.00652(9) 6.22108(9) 8.60958(1) 90.2748(4)
Sr2CaUO6 0.888 P21/n 5.9337(1) 6.0676(1) 8.4509(2) 90.139(3)
Ca3UO6 0.857 P21/n 5.72888(3) 5.95712(3) 8.29970(4) 90.5732(3)
3.3 Results
3.3.1 Ambient temperature structures
3.3.1.1 Ba2Y UO6
The SXRD and NPD diffraction patterns of Ba2Y UO6 are shown in Figure 3.1.
The main perovskite peaks are split and so a cubic cell is precluded. The insets to
both data sets show no evidence for M -point reflections, indicating the absence of
in-phase octahedral tilting. However, neither the (h00) or (hhh) type reflections
are single, which precludes the rhombohedral and tetragonal symmetry. Subse-
quently, the body-centred monoclinic cell I2/m was tested and provided an ac-
ceptable fit to the data. The intensity of the R-point reflection was well modelled
assuming an ordered B-site, and this assumption was confirmed when allowing
B-site disorder failed to improve the fit.
At this stage of the refinements the atomic displacement parameter for the
Y-site in both SXRD and NPD refinements was negative. This indicates that the
Y-site is less than fully occupied (the neutron scattering length for Y, 7.75 fm, is
less than that of U, 8.417 fm), and allowing the occupancy to refine resulted in
a value corresponding to 85(1)% occupancy. In order to exploit the advantages
of both X-ray and neutron diffraction, the model was refined against both data
3.3. Results 36
Table 3.3: Refined structural parameters of Ba2YUO6 from a combination of
SXRD and NPD data.
Ba2YUO6
Space Group I2/m
a (A˚) 6.11751(6)
b (A˚) 6.13654(6)
c (A˚) 8.64697(8)
β (°) 90.064(4)
Ba 4i(x,0,z)
x 0.5165(6)
z 0.2427(3)
B (A˚2) 0.79(2)
Y 2a(0,0,0)
n 85%(1)
B (A˚2) 0.01(3)
U 2c(0,0,1/2)
B (A˚2) 0.83(1)
O1 4i(x,0,z)
x 0.0363(3)
z 0.2691(9)
B11 (A˚2) 0.010(3)
B22 (A˚2) 0.090(5)
B33 (A˚2) 0.018(6)
B12 (A˚2) 0
B13 (A˚2) 0
B23 (A˚2) 0.003(4)
O2 8j(x,y,z)
x 0.2683(11)
y 0.2356(8)
z -0.0256(3)
B11 (A˚2) 0.033(3)
B22 (A˚2) 0.041(5)
B33 (A˚2) 0.067(6)
B12 (A˚2) -0.007(2)
B13 (A˚2) -0.018(1)
B23 (A˚2) -0.034(4)
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Figure 3.1: Synchrotron (upper) and neutron (lower) powder diffraction profiles
of Ba2YUO6. The I2/m model was fitted simultaneously to the NPD and SXRD
data. The insets in both the SXRD and NPD patterns demonstrate the absence
of M -point reflections (indicated by the arrows). SXRD χ2=5.69, NPD χ2=4.509.
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sets simultaneously. Again, this resulted in a Y B-site occupancy of 85%, which
significantly improved the fit (χ2 = 4.509) compared to when the site was fully
occupied (χ2 = 8.651).
This result is not consistent with the current literature. Ba2YUO6 was first
reported by Sleight and Ward [65] as slightly distorted cubic, with a = 8.69 A˚.
Following this, Hinatsu [77] prepared and measured its magnetic properties, re-
porting the structure to be cubic (a = 8.68 A˚) but oxygen deficient, Ba2YUO5.892.
A more comprehensive study on this compound was performed by Kemmler-Sack
and co-workers [76], who also found the Y B-site to be deficient, however they
reported the crystal structure as rhombohedral, and this will be discussed further
below.
3.3.1.2 Ba2Ba0.875UO6−δ
The structure reported by Treiber [78], tetragonal in I4/mmm in which the B-
site vacancies are ordered, and the oxygen vacancies are randomly distributed,
provided a good fit to the SXRD data. However, this model fitted the NPD
data very poorly (χ2=70.1). The atomic displacement parameters for some of the
oxygen sites were unreasonably large, indicating that those sites are less occupied.
Returning all oxygens to fully occupied, then refining the occupancies of the sites
with large ADP’s provided an acceptable fit to the data. The refinement resulted
in the O4 site being completely vacant. The final refinement is shown in Figure
3.2, the unusually poor fit can be explained by diffuse intensity that is included
the background. The origin of this diffuse scattering will be discussed below.
3.3.1.3 Ba2SrUO6
Figure 3.3 shows the room temperature synchrotron X-ray diffraction pattern of
Ba2SrUO6. Based on the observed cell metric and systematic absences it was
concluded that the structure is most likely in space group P21/n. This space
group is commonly observed in double perovskites and corresponds to the Glazer
tilt (a−a−c+) [10]. The in-phase (+ve) tilting gives rise to diagnostic superlattice
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Table 3.4: Refined structural parameters of Ba2Ba0.875UO6−δ from a combination
of SXRD and NPD data.
Ba2Ba0.875UO6−δ Ba2Ba0.875UO6−δ
Space Group I4/mmm O1 4e(0,0,z)
a (A˚) 12.707(1) z 0.1357(9)
b (A˚) 12.707(1) B (A˚2) 0.000(4)
c (A˚) 17.513(2) O2 4e(0,0,z)
Ba1 2b(0,0,1/2) z 0.364(2)
B (A˚2) 0.139(5) B (A˚2) 0.160(5)
Ba2 4c(0,1/2,0) O3 8g(0,1/2,z)
B (A˚2) 0.387(5) z 0.123(3)
Ba3 8f(1/4,1/4,1/4) B (A˚2) 3.482(9)
B (A˚2) 1.062(4) O4 8h(x,x,0)
Ba4 16n(0,y,z) O5 8h(x,x,0)
y 0.2743(5) x 0.3694(11)
z 0.1367(4) B (A˚2) 0.174(7)
B (A˚2) 0.257(2) O6 16k(x,x+1/2,1/4)
Ba5 16n(0,y,z) x 0.1098(8)
y 0.2395(4) B (A˚2) 0.197(4)
z 0.3830(3) O7 16l(x,y,0)
B (A˚2) 0.035(1) x 0.1598(8)
U1 4d(0,1/2,1/4) y 0.3830(8)
B (A˚2) 0.006(3) B (A˚2) 0.012(4)
U2 4e(0,0,z) O8 16m(x,x,z)
z 0.2464(2) x 0.112(3)
B (A˚2) 0.31(1) z 0.252(3)
U3 8h(x,x,0) B (A˚2) 9.19(4)
x 0.2394(2)
B (A˚2) 0.049(1)
x -0.032(3)
z 0.2641(9)
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Figure 3.2: The SXRD (upper) and NPD (lower) patterns for Ba2Ba0.875UO6−δ.
The I4/mmm model was fitted simultaneously to the NPD and SXRD data. The
relatively large and structured background seen in the NPD pattern is a result of
diffuse intensity and is the reason for the poor fit.
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reflections of the type (odd odd even) associated with the M -point of the Brillouin
zone of the aristotype cubic perovskite. A number of weak M -point reflections
were observed in the diffraction pattern excluding the possibility that the structure
adopted an alternate monoclinic structure in I2/m (a−a−c0) which lacks any in-
phase tilting.
The measured diffraction pattern also contains R-point reflections that arise
from the ordering of the Sr and U cations and/or the presence of out-of-phase
tilting [10]. As a starting model for the Rietveld refinement the structural param-
eters reported by Groen and IJdo [70] were used. These refinements showed that
the larger Ba2+ cations were fully contained on the perovskite A-sites and there
was no anti-site mixing between the Sr2+ and U6+ cations. This cation distribu-
tion reflects the large difference in the size of the three cations, Ba2+ (r=1.61 A˚),
Sr2+ (r=1.18 A˚) and U6+ (r=0.73 A˚). The results of the refinement are given in
Table 3.2. We observe the lattice parameter a = 6.24162 A˚ to be less than b =
6.26391(3) A˚, as was also reported by Groen and IJdo [70], and the refined unit
cell parameters are consistent with their findings.
3.3.1.4 Ba2CaUO6
The structure of Ba2CaUO6 was also investigated using synchrotron X-ray and
neutron diffraction. Figure 3.4 shows the room temperature X-ray pattern for
Ba2CaUO6 in which splitting of the (444)p into a triplet with intensity ratio 1:1:2,
and of the (400)p into a doublet with intensity ratio 2:1, characteristic of a mon-
oclinic cell, is observed. M -point reflections (of the type even-even-odd), which
arise from the in-phase tilting, are only obvious in the neutron diffraction data
(Figure 3.4) and confirm P21/n symmetry with tilt system a
−a−c+. The apparent
absence of the M -point superlattice reflections in the SXRD pattern can be ex-
plained by the relatively small average tilt angle of 10.53 °, compared to all other
structures in this section.
No evidence for site mixing was found, apparently the size difference between
Ba2+, Ca2+ and U6+ is sufficient to result in complete ordering. Ultimately, a
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Figure 3.3: The SXRD (upper) and NPD (lower) patterns for Ba2SrUO6, the inset
shows the presence of weak X- and M -point reflections. For SXRD χ2=1.93, NPD
χ2=1.10
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Figure 3.4: The SXRD (left) pattern of Ba2CaUO6, the inset shows the split-
ting characteristic of a monoclinic cell. NPD (right) pattern of Ba2CaUO6, the
inset shows the presence of weak M -point reflections (*). SXRD χ2=1.61, NPD
χ2=5.01.
combined refinement was carried out and the refined structural parameters are
in good agreement with the structure reported by Fu et al.[69] who reported
lattice parameters of a = 6.16146(7) A˚, b = 6.11877(7) A˚, c = 8.6975(1) A˚, β =
90.1005(8)°.
3.3.1.5 BaSr2UO6
The structure of BaSr2UO6 was refined using a combination of synchrotron X-ray
and neutron diffraction. As shown in Figure 3.5, M -point superlattice reflections
were observed in both diffraction patterns, and these along with the peak splitting
confirmed P21/n symmetry. As expected from the size of the cations, there was
no evidence for cation disorder.
The lattice parameters are in reasonable agreement with those described by
Sleight and Ward [65], however they chose to approximate β = 90° and index the
pattern based on a smaller orthorhombic cell, with a=6.26 A˚, b=8.76 A˚and c=6.13
A˚.
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Figure 3.5: The SXRD (upper) and NPD (lower) patterns for BaSr2UO6, the inset
shows the presence of weak X- and M -point reflections.
3.3. Results 45
3.3.1.6 BaSrCaUO6
The room temperature synchrotron X-ray and neutron powder diffraction patterns
of BaSrCaUO6 are shown in Figure 3.6. The synchrotron pattern is dominated
by the primitive perovskite reflections, however these are observed to be split
and additional reflections are present. The intensity of the odd-odd-odd R-type
reflections is contributed to by both anti-phase tilting of the BO6 octahedra and
B-site cation ordering. Substantial intensity in the (111)p reflection indicates
an ordered arrangement of B-site cations, as expected, based on the size [79]
and charge difference between Ca2+ (1.00 A˚) and U6+ (0.73 A˚). Although the
splitting is quite small, examination of the symmetry-sensitive (hhh) and (h00)
type reflections shows these are all clearly not single peaks and so the higher
symmetry options of Fm3m, R3 and I4/m can be eliminated. Consequently it is
concluded that the cell is monoclinic. The presence of M -point reflections of the
type even-even-odd, which arise from the in-phase (+ve) tilting of the octahedra,
confirm P21/n symmetry with the Glazer tilt system a
−a−c+. That the M -point
reflections are very weak in the X-ray data is due to the relatively weak scattering
power of oxygen in the presence of the heavier Ba, Sr, Ca and U cations.
In the above discussion it was assumed that the Ba and Sr atoms are disordered
on the A-site, and that the Ca and U atoms occupy the B-site in a fully ordered
manner. These assumptions were tested by Rietveld refinement against the SXRD
data and found to be valid. Ultimately the structure was refined using both SXRD
and the neutron diffraction data and the results are summarised in Table 3.2. This
result is contrary to the previous description of BaSrCaUO6 [67] as having a cubic
structure.
3.3.1.7 Sr2CaUO6
The structure of Sr2CaUO6 was investigated using synchrotron X-ray and neutron
diffraction. M -point superlattice reflections were observed in both diffraction
patterns, and these confirmed P21/n symmetry. Introducing disorder between
the Sr and Ca cations significantly improved the fit, from χ2 = 8.62 to χ2 = 6.95.
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Figure 3.6: The SXRD (upper) and NPD (lower) patterns for BaSrCaUO6, the
inset shows the presence of weak X- and M -point reflections.
The refined value of anti-site disorder was 0.13 per formula unit.
Ultimately the structure was refined using both SXRD and the neutron diffrac-
tion data and the results are summarised in Table 3.2. The refined structural
parameters are consistent with the structure reported by Groen and IJdo [70].
3.3.1.8 Sr3UO6 and Ca3UO6
The structures of Sr3UO6 and Ca3UO6 were investigated using both synchrotron
X-ray and for Sr3UO6 neutron diffraction. M -point superlattice reflections were
observed in both diffraction patterns for Sr3UO6. The peak splitting confirmed
P21/n symmetry. Ultimately the structure was refined using both the SXRD
and neutron diffraction data and the results are summarised in Table 3.2. This
compound has been described as monoclinic twice before [67, 72], and the refined
structural parameters are in good agreement with the structure reported by Roof
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Figure 3.7: The SXRD (upper) and NPD (lower) patterns for Sr2CaUO6. SXRD
χ2=7.78, NPD χ2=1.11.
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and co-workers [72].
As expected, Ca3UO6 is isostructural with Sr3UO6, and both have the cryolite
structure [80]. This compound has been described as monoclinic twice before
[67, 73], and the refined structural parameters are in good agreement with the
structure reported by Van Duivenboden et al. [73].
This structure is consistent with the compound referred to as β-Ca3UO6. Re-
cently, this compound has been found naturally and the mineral has been called
called vapnikite. The naturally occurring material is reported to differ from the
synthetic β version by containing B-site disorder. Given the relatively large size
and charge difference between the Ca2+ and U6+ cations this is surprising. The
possibility of B-site disorder in the samples prepared here was tested by Rietveld
refinement against the SXRD data, but this model was unsuccessful. Due to
instrument availability neutron data was not obtained for Ca3UO6.
3.3.2 X-ray absorption near-edge spectroscopy analysis
The uranium L3-edge corresponds to the dipolar 2p-6d transition [81]. The yttrium
K-edge overlaps with the uranium L3-edge (∼17 KeV), and so the uranium L2-
edge (∼21 KeV), corresponding to the 2p1/2 to 6d transition, was used in the study
of Ba2YUO6 and other selected compounds.
The very short core-hole lifetime of the U L-edge transition results in a broad-
ening of the edge signal, and so information is generally difficult to extract from
the line-shape [82]. Instead, information on the cation effective charge is obtained
from relative edge positions, with the edge energy increasing with increasing charge
[81]. In order to assess the relative energy shifts, standards with uranium in known
oxidation states were used. These were UO2, Cs3UGe7O18 and Sr2CaUO6 for U
4+,
U5+ and U6+, respectively.
Uranium L3-edge XANES spectra are shown in Figure 3.10 for a number of the
compounds and standards. For U(VI) in an octahedral environment, the spectra
consist of a broad peak and a shoulder to lower energy. These are attributable to
the electron transitions from the 2p3/2 states to the t2g and eg states, respectively
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Figure 3.8: The SXRD (upper) and NPD (lower) patterns for Sr3UO6, the inset
shows the presence of weak X- and M -point reflections.The relatively poor fit to
the SXRD data is due to peak asymmetry that is difficult to model.
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Figure 3.9: The SXRD patterns for Ca3UO6, the inset shows the presence of weak
X- and M -point reflections.
[82]. The samples Ba2SrUO6, BaSr2UO6, Ba2.875UO6, Ba2CaUO6 and BaSrCaUO6
clearly all contain only hexavalent uranium.
Uranium L2-edge XANES are shown in Figure 3.11. As expected, and con-
sistent with the L3-edge, the spectra for BaSr2UO6 suggests this contains only
hexavalent uranium. Surprisingly, the uranium in Ba2YUO6 also appears to be
completely hexavalent; if this material was stoichiometric, the U should be pen-
tavelent. This will be discussed in more detail below. The uranium edge for
U3O8 exists in between the U
5+ and U6+ standards, and the position of the peak
corresponds to an effective charge of 5.33+, as expected.
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Figure 3.10: Uranium L3-edge XANES spectra for some compounds and stan-
dards.
3.3.3 Variable temperature structures
3.3.3.1 BaSr2UO6, Sr2CaUO6, Sr3UO6, BaSrCaUO6
The high temperature structure of BaSr2UO6, Sr2CaUO6 and Sr3UO6 were in-
vestigated using laboratory XRD. In all cases, the weak M -point superlattice
reflections observed in the SXRD pattern are barely visible in the room temper-
ature XRD patterns. However, the X-point superlattice reflections, that are the
result of both in and out-of-phase tilting, are clearly present. Figure 3.12 shows
the persistence of these X-point superlattice reflections up until at least 730 °C,
showing that these structures remain monoclinic in P21/n up to this temperature.
Figure 3.12 shows the temperature dependance of the BaSr2UO6 lattice pa-
rameters from the refinements, all in P21/n, as well as the unit cell volume, where
regular thermal expansion occurs.
Figure 3.13 and 3.14 show the temperature dependance of the Sr2CaUO6 and
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Figure 3.11: Uranium L2-edge XANES spectra for some compounds and stan-
dards.
Figure 3.12: Reduced lattice parameters (left) and unit cell volume (right) versus
temperature for BaSr2UO6.
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Figure 3.13: Reduced lattice parameters (left) and monoclinic angle (right) versus
temperature for Sr2CaUO6
Figure 3.14: Reduced lattice parameters (left) and monoclinic angle (right) versus
temperature for Sr3UO6.
Sr3UO6 lattice parameters from the refinements, as well as the monoclinic β angle.
In both cases regular thermal expansion occurs and β approaches 90° upon heating.
Since there is no orthorhombic structure for a double perovskite, there is no special
significance of 90°, especially since the majority of monoclinic double perovskites
appear to undergo a P21/n → I2/m transition upon heating.
Variable temperature synchrotron X-ray and neutron diffraction studies of
BaSrCaUO6 were performed. It appears to remain monoclinic with P21/n sym-
metry up to 1000 °C, as demonstrated by the persistence of the M -point reflections
in the SXRD pattern (Figure 3.15). The unit cell parameters showed unexcep-
tional thermal expansion behaviour and there was no indication for discontinuity
(Figure 3.15). The monoclinic β angle was approximately independent of tem-
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perature until around 800 °C, above which it began to decrease; evidently a con-
tinuous transition to a higher symmetry structure will only occur at still higher
temperatures.
Figure 3.15: Left image shows Rietveld refinements of SXRD profiles of
BaSrCaUO6 at 25 °C and 1000 °C, showing the presence of the M -point reflection
indicated (*) at high temperatures, which indicates that the structure remains
monoclinic in P21/n. Right hand image shows monoclinic angle β and reduced
lattice parameters extracted from Rietveld refinements of variable temperature
SXRD data.
3.3.3.2 Ba2SrUO6
The thermal evolution of the structure of Ba2SrUO6 was also investigated. Figure
3.16 illustrates portions of the observed diffraction data at four selected temper-
atures, whilst Figure 3.17 summarises the results of the Rietveld analysis. The
diffraction patterns of the monoclinic P21/n (a
−a−c+) structure are characterised
by the presence of a well defined 111/111 doublet near 2θ = 12°(d = 3.95 A˚). Such
reflections persist to around 650 °C, at which temperature there is a discontinu-
ous change in the lattice parameters indicative of a first order phase transition. A
transition from P21/n to I2/m is allowed to be continuous suggesting the I2/m
phase is not formed, or if it is formed it exists over a very narrow temperature
range [83]. This was verified through inspection of the diffraction profiles. The ab-
sence of any M -point superlattice reflections, together with the cell metric suggest
that this high temperature phase is either in I4/m or R3.
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Figure 3.16: Sections of the synchrotron X-ray diffraction profiles of Ba2SrUO6
illustrating the evolution of the 111/111, (400)P and (444)P reflections as a func-
tion of temperature. The fits from models in P21/n (40 and 480)°C, R3 680°C
and Fm3m 1000 °C are also illustrated.
These two space groups can be distinguished by scrutiny of the (400)p and
(444)p reflections near 21.3°(d = 2.23 A˚) and 37.2°(d = 1.290 A˚), respectively.
Here the index refers to the cubic Fm3m double perovskite structure. The (400)p
reflection is expected to be a doublet in I4/m but a singlet in R3. Conversely
the (444)p reflection remains a singlet I4/m but can split into a doublet in R3 or
triplet in I2/m. Clearly the structure formed between 650 and 930 °C is rhom-
bohedral in space group R3, and Rietveld refinements using such a model were
successful. Space group R3, can be described in either a rhombohedral or hexag-
onal representation. The cell parameters for the rhombohedral representation are
arh = acub/
√
2 and α ∼ 60°. In this work we used the hexagonal representation,
where ahex = 2arh × sin(α2 ) and chex =
√
(9a2rh − 32hex) with the angles α = β =
90°and γ = 120°.
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Above 930 °C the splitting of the (444)p reflection is no longer observed and
the half width of this reflection is comparable to that of the (400)p, the fitted full
widths at half maximum were 0.0289(9) vs. 0.0219(3)° respectively, demonstrating
the structure to be cubic in Fm3m and refinements in this space group for the
patterns collected with T > 950 °C were successful. The P21/n to R3 transition
involves the simultaneous loss of the in-phase tilts and a re-orientation of the
out-of-phase tilt from along [011] to along the [111] pseudo cubic direction, and
must be first order. The R3 to Fm3m transition involves the removal of the
out-of-phase tilts, and is allowed to be continuous.
Figure 3.17: Reduced lattice parameters versus temperature for Ba2SrUO6.
Using Glazer notation the sequence of transitions is: P21/n(a
−a−c+)→R3(a−a−a−)→
Fm3m(a0a0a0). The nature (first order and continuous respectively) of both the
structural phase transitions and their sequence is compatible with a transition
scheme developed by Howard et al. [18].
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3.3.3.3 Ba2CaUO6
The thermal evolution of the structure of Ba2CaUO6 was investigated with both
synchrotron X-ray and neutron diffraction. TheM -point reflections for Ba2CaUO6
are too weak to be observed in the SXRD data, although these are present in the
neutron data measured at room temperature. The NPD pattern of Ba2CaUO6
measured at 300 °C showed no evidence for any M -point reflections, indicating
the loss of the in-phase octahedral tilting before this temperature. Due to limited
instrument availability, neutron diffraction data were not collected between 25
and 300 °C. The splitting of the Bragg reflections in the SXRD patterns indicates
that the structure remains monoclinic at 300 °C, and the monoclinic space group
I2/m (a−a−c0) with no in-phase tilt is a likely candidate.
Despite the lack of neutron data between 25 and 300 °C, and the absence of
observable intensity in the M -point reflections in the SXRD patterns, it is pos-
sible to estimate the temperature at which the transition from P21/n occurs, as
about 150 °C, by the change in the thermal expansion of the lattice parameters ob-
tained from Rietveld refinements against the SXRD data (Figure 3.19). A similar
change occurred for the analogous Pbnm (a−a−c+) to Imma (a−a−c0) transition
in SrTcO3 [45]. The transition between the P21/n and I2/m monoclinic struc-
tures in Ba2CaUO6 appears to be continuous. This transition has been observed in
similar systems such as Sr2YTaO6 [84] and according to Howards group-subgroup
relationship (Figure 1.4), is allowed to be continuous. Rietveld refinements using
the I2/m model provided an acceptable fit to the SXRD data above 150 °C.
Attempts to use the I2/m model to fit the SXRD data measured at temper-
atures above 225 °C and the neutron diffraction data at 300 °C were unsuccess-
ful. Likewise, single phase models in higher symmetries were also unsuccessful
(Figure 3.18). The excellent fits obtained at room temperature and high temper-
ature (above 700 °C) to single phase models, confirm that this is not a result of
poor sample quality and suggest the possibility that two or more phases co-exist.
Ultimately, the only model that provided an acceptable fit to the data in the
temperature range 225 –425 °C was a two-phase I2/m + I2/m model, where the
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second I2/m phase has c/a > 1, as opposed to the first which has c/a < 1. The
transition between two forms of I2/m must be first order, and so the presence of
a two-phase region is not unexpected.
Figure 3.18: Rietveld refinement profiles of SXRD data of Ba2CaUO6 using differ-
ent models. The insets show the fit to the most intense reflection (220)p at around
2θ=15.
This curious phenomenon involving the reversal of the c/a ratio has been
observed in other systems including SrZrO3 [85] during the transition from Imma
to I4/mcm, as well as in Ba2NdNbO6 and Ba2NdTaO6 [86] during the I2/m to
I4/m transition and is considered to be a consequence of the re-orientation of
the tilts. It was recently argued [87] that for I2/m with the a−a−c0 tilt system
the a-axis should be slightly longer than the b-axis, and this is observed for most
Ba-containing double perovskites, as well as in the P21/n and low temperature
I2/m structures of Ba2CaUO6. The SXRD data provides no evidence for anti-site
disorder, and it is difficult to understand how such disorder would impact on the
relative magnitude of the unit cell parameters. The origin of the reversal of the
c/a ratio in Ba2CaUO6 is unknown.
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The possible pathways that a monoclinic structure can take to cubic are out-
lined in Howards group-subgroup relationship Figure 1.4. Typically the structure
will reach the cubic via either a tetragonal I4/m or rhombohedral R3 intermedi-
ate. Distinguishing between these possibilities can be challenging given a highly
pseudo-symmetric structure. Usually this is done by examining the (hhh) and
(h00) type reflections, as described above for Ba2SrUO6, and these are single and
double, respectively, in I4/m and the opposite in R3. However, at 700 °C both of
these reflections appear to be single in the diffraction pattern of Ba2CaUO6, due
to pseudo-symmetry. Examining the temperature dependence of the full-width at
half maximum (FWHM) of selected reflections, including the (004)p and (444)p,
suggests that the transition to cubic occurs near 725 °C, the FWHM values for
the (004)p and (444)p being 0.0329°and 0.0467°, respectively at 725 °C.
Figure 3.19: Lattice parameters extracted from Rietveld refinements of SXRD
and combined NPD and SXRD data of Ba2CaUO6 as a function of temperature.
Only the lattice parameters of the dominant phase in the two phase regions are
shown, for clarity. Right hand panel shows monoclinic angles for the P21/n (open
triangle symbols), and both I2/m phases.
Since the splitting of the diagnostic reflections is insufficient to allow us to
differentiate between the possible structures, we depend on the neutron data to
establish the appropriate structures at high temperatures. The NPD pattern
measured at 600 °C could be adequately fitted in the tetragonal space group
I4/m but not in the rhombohedral space group R3. A two phase I2/m and I4/m
model was required to fit the data between 450 °C and 650 °C. Howard [85] showed
that a I2/m (a−a−c0) to I4/m (a0a0c−) transition must be discontinuous, since
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the transition involves the rearrangement of tilts from about the a and b axes to
around the c axis and this allows the possibility of phase co-existence as has been
observed in other double perovskites [88, 89]. Above 650 °C, where the (444)p
reflection is observed as a single peak the data were reproduced by a single phase
I4/m tetragonal model. By examination of the FWHM of the (004)p and (444)p
reflections we can estimate the temperature at which the structure transforms to
cubic is around 725 °C, and Rietveld refinements using a cubic Fm3m model above
this temperature were successful. This I4/m to Fm3m transition, as expected,
appears to be continuous. The lattice parameters extracted from the refinements
using the structures described above, as well as the monoclinic angle for both
I2/m phases are shown in Figure 3.19.
3.3.3.4 Ba2Y UO6
The thermal evolution of the Ba2YUO6 structure was investigated using syn-
chrotron X-ray diffraction. At room temperature, we have established using a
combination of X-ray and neutron diffraction that Ba2YUO6 is monoclinic in
I2/m, the Y-site is only 85% occupied, and the uranium is hexavalent.
This model was used initially to fit the SXRD patterns. Inspection of the
symmetry-sensitive (400)p and (444)p reflections did not indicate either a rhombo-
hedral or tetragonal high temperature structure. The full-width at half-maximum
(FWHM) of these peaks and others was examined, and they all appear to decrease
until 450 °C (Figure 3.20). This indicates that neither (400)p or (444)p are single
until this temperature, at which point all others also appear single and the cu-
bic Fm3m model provides an acceptable fit to the data. However, the transition
directly from monoclinic to cubic is not possible, and so it seems that the either
tetragonal or rhombohedral phase is pseudo-cubic. Differentiating between tilt
systems can be made very difficult with the presence of pseudo-symmetry, as is
the case here. Unfortunately, high temperature neutron diffraction data was not
obtained for this structure and so we are unable to identify which intermediate
structure occurs.
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Figure 3.20: Temperature dependence of the FWHM of a selection of reflections
of Ba2YUO6.
3.4 Discussion
3.4.1 Ambient temperature structures
3.4.1.1 AA‘BB‘UO6;A = Ba, Sr, CaB = Sr, Ca
All samples in this series were found to adopt the ordered P21/n structure with
the tilt system a−a−c+ at room temperature. This result is not unexpected, given
the significant size and charge difference between all pairs of B/B′ cations and
the tolerance factors are all less than unity. As discussed in the introduction,
this tilt system is the most common for perovskites. The bond distances and
calculated bond valence sums (BVS) of all structures are given in Table 3.5. It
should be noted that in all cases except for Ca3UO6 the values were extracted
from a combined SXRD and neutron diffraction data refinement, so as to give
more accurate information on the oxygen positions.
The BVS of Ba2+ in all structures is significantly less than 2.0, reflecting the
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longer-than-ideal Ba-O bond distances. This is a result of the Ba2+ being too small
for the A-sites. As the size of the B-site cation increases, the size of the cavity
becomes more appropriate for Ba. This is reflected by the difference between the
BVS of Ba in Ba2SrUO6 and Ba2CaUO6, 1.70 and 1.65 respectively. The value
is closer to the ideal value of 2.0 when the larger Sr2+ (1.18 A˚) cation makes the
size of the A-site more suitable for Ba2+ compared to Ca2+ (1.00 A˚).
In some of the compounds, the BVS for U6+ is significantly larger than 6.0,
indicating that the U is over-bonded. Uranium is appreciably smaller than the
alkaline earth cation occupying the B-site, and so the delicate balance between
the bonding requirements of the A and the two 6-coordinate cations results in the
over-bonding of U and the observed under-bonding of Ba. This is most extreme
for Ba2SrUO6 where the BVS for U is 6.78.
For most of the compounds, the B-cations are slightly overbonded. This can be
explained by the fact that the UO6 octahedra will show low compression relative
to the larger BO6 octahedra. Compression in the low charge B-O bonds as a
result of the highly charged other B-site, uranium, has been observed previously
[69].
The tolerance factors of Ba2CaUO6, BaSrCaUO6 and Ba2SrUO6 are 0.942,
0.915 and 0.905, respectively. This predicts that the distortion of the room tem-
perature structures will increase across this list. The average B-O-U bond angles
(161° for Ba2CaUO6, 154° for BaSrCaUO6 and 152° for Ba2SrUO6) demonstrate
this to be the case. As do the observed tilt angles (10.53° for Ba2CaUO6, 12.64°
for BaSrCaUO6 and 13.14° for Ba2SrUO6), these are calculated using the program
TUBERS [90] from the lattice parameters and bond distances extracted from the
Rietveld refinement. The values shown in Figure 3.21 are an average of the tilts
of the BO6 and B’O6 octahedra about the [110] and [001] axes of the aristotype
perovskite, assuming rigid octahedra, calculated as described by Groen et al. [91].
The average U6+-O bond distances for Ba2CaUO6 and BaSrCaUO6 are very
similar, 2.052 A˚ and 2.058 A˚, respectively, however they are slightly shorter in
Ba2SrUO6 (2.031 A˚). This is reflected in the BVS in which U
6+ is very over-bonded
(BVS = 6.78) in Ba2SrUO6. Because the system uses tilting as a mechanism to
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Figure 3.21: Average tilt angles versus tolerance factor for U-perovskites.
satisfy bonding requirements, it could be postulated that the tilting is not large
enough in Ba2SrUO6 to satisfy the Ba cations. Indeed, the tilt angles in Ba2SrUO6
are smaller than expected from the tolerance factor, the observed average tilt angle
(13.14°) is not much larger than it is for BaSrCaUO6 (12.64°) although the latter
has a tolerance factor closer to unity. The relatively small tilt angle explains the
over-bonding of U, but the chemical origin of this is unknown.
The average A-site (Ba2+/Sr2+)-O bond distances are appreciably shorter in
BaSrCaUO6 (2.744 A˚) than in Ba2CaUO6 (2.851 A˚) or Ba2SrUO6 (2.918 A˚), re-
flecting the presence of the smaller Sr2+ cation on the A-site. The average Ca2+-O
distance is somewhat longer in BaSrCaUO6 (2.348 A˚) than in Ba2CaUO6 (2.316
A˚), also a consequence of the relatively short A-O bonds when Sr2+ partially oc-
cupies the A-site. Bond valence sum (BVS) calculations of the room temperature
structures show the Ca2+ cation is relatively more stable in BaSrCaUO6 than in
Ba2CaUO6, with the BVS values being 2.13 and 2.32, respectively.
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Table 3.5: Bond distances and calculated bond valence sum (BVS) values of U-
perovskites.
A-O (A˚) BVS B-O (A˚) BVS U-O (A˚) BVS
3.290(12) 2.670(14)
1.7
2 2.500(12) 2 2.036(12)
Ba2SrUO6
2.873(12) 2.980(12) 2 2.547(13)
2.15
2 1.997(12)
6.78
t = 0.905
2.761(14) 2.911(10) 2 2.450(9) 2 2.059(10)
3.226(13) 2.635(11)
2.990(4) 3.178(4)
1.65
3.186(4) 2.788(4) 2 2.324(3) 2 2.067(3)
Ba2CaUO6 2.721(3) 2.961(5) 2 2.306(3) 2.32 2 2.085(4) 5.92
t = 0.942
2.918(4) 2.711(4) 2 2.324(3) 2 2.089(3)
3.143(5)
2.808(5) 2.990(6)
1.7
3.374(5) 3.098(8) 2 2.353(6) 2 2.042(5)
BaSrCaUO6 2.613(7) 2.893(8) 2 2.341(5) 2.13 2 2.075(6) 6.39
t = 0.915
3.017(7) 2.655(6) 2 2.358(5) 2 2.040(6)
2.573(7)
2.848(4) 2.599(5)
1.74
2 2.492(4) 2 2.077(4)
BaSr2UO6
3.241(5) 2.980(4) 2 2.472(4)
2.26
2 2.047(4)
6.09
t = 0.8797
2.593(5) 2.722(4) 2 2.474(4) 2 2.086(5)
3.095(5) 2.582(4)
2.756(5) 2.560(5)
1.71
2 2.452(5) 2 2.126(5)
Sr3UO6
3.241(5) 2.908(5) 2 2.421(5)
2.41
2 2.059(5)
5.91
t = 0.854
2.517(5) 2.562(5) 2 2.496(4) 2 2.061(5)
2.999(5) 2.534(5)
2.774(4) 2.540(4)
1.77
2 2.315(4) 2 2.104(4)
Sr2CaUO6
3.076(5) 2.826(4) 2 2.312(4)
2.37
2 2.083(4)
5.57
t = 0.888
2.542(4) 2.600(3) 2 2.306(4) 2 2.122(4)
2.998(4) 2.477(3)
2.636(6) 2.388(6)
1.74
2 2.353(5) 2 2.014(5)
Ca3UO6
3.163(6) 2.847(6) 2 2.311(6)
2.08
2 2.083(5)
6.47
t = 0.857
2.354(6) 2.390(6) 2 2.420(5) 2 2.047(5)
2.815(6) 2.356(6)
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3.4.1.2 Ba2Ba0.875UO6−δ
In this B-site deficient perovskite, Ba2Ba0.875UO6−δ, the B-site vacancies are or-
dered. Figure 3.22 shows the refined model where the vacancies sit on the corners
of the cell and in the centre. Given the stoichiometry, in order to maintain charge
neutrality either another cation must have an increased effective charge, or the
structure must be oxygen deficient. The U L3-edge XANES shows the uranium
to exist in a hexavalent state, and so we expect oxygen vacancies in the structure.
Figure 3.22: A projection along the a-axis of the refined model for
Ba2Ba0.875UO6−δ, the vacancies sit on the corners of the cell and in the centre.
The grey and purple polyhedra represent Ba and U, respectively. The behaviour
of the uranium sites that surround the vacancies is shown on the right, the B-
site vacancy is represented with a shaded circle and the vacant O4 site are white
spheres.
The refinement results are consistent with oxygen vacancies, and the model
consistent with neutron diffraction data, requires these vacancies to be ordered.
This is contrary to the previous report [78] on the structure which distributed
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these vacancies randomly on each of the 9 oxygen sites. However, considering
the previous report used only XRD it is not surprising that the oxygen vacancies
appeared disordered, given the large atomic numbers of Ba and U. It is only with
neutron diffraction that the position of the oxygen vacancies can be accurately
determined.
The O4 site (x, x, 0) that corresponds to the four equatorial positions around
the vacant B-site (represented as white spheres in Figure 3.22) is vacant. This
results in a stoichiometry of Ba2Ba0.875UO5.5, which has too few oxygens to be
charge neutral, recalling that XANES measurement showed no evidence for any
reduction in the uranium oxidation state. In the neutron diffraction pattern there
is a considerable amount of diffuse intensity seen as structure in the background.
This is most likely due to oxygen disorder, since it is not seen in the X-ray data.
Furthermore, the ADP values on the O3 and O8 oxygen sites are very high,
15(1) and 29(2) respectively. This along with the diffuse intensity indicates that
although there are vacancies on the O4 site, there are probably also disordered
interstitial oxygens as well as vacancies on other sites.
The impact of the vacant B and O4 sites on the structure is interesting and
can be seen clearly in Figure 3.22. Firstly, the equatorial oxygens on the uranium
atoms above and below the B-site vacancy (as shown in Figure 3.22) move slightly
away from the vacant site. Secondly, the two axial oxygens on the surrounding
uranium atoms in the ab plane move towards the oxygen (and B-site) vacancy, and
the new coordination environment around these uranium atoms is trigonal bipyra-
midal. This displacement also results in highly distorted Ba3 B-site octahedra,
with the Ba-O distances ranging from 2.49-3.139 A˚.
3.4.1.3 Ba2Y UO6
This compound was synthesised with the intention of producing a pentavalent
uranium compound; since neither the Ba or Y have a flexible oxidation state.
However, analysis of the U L2-edge XANES shows the uranium to exist in a
hexavalent state. Surprisingly, refinement of neutron and X-ray diffraction data
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indicate that the Y-site is only 85% occupied. Given the valence of uranium, the
Y-vacancies partially balance the charge, however, in order to achieve charge neu-
trality the Y-site must be only 2/3 occupied (Ba2Y0.67UO6). The other alternative
is that the oxygen is in excess, Ba2Y0.85UO6.275.
The occupancy of the oxygen sites was tested by allowing them to refine.
Occupancy on the O2 site increased to 13% above fully occupied, and this resulted
in a significant improvement to the NPD fit (χ2 reduced from 6.2 to 5.8). In
contrast, the atomic displacement parameter associated with the O1 site was very
large, indicating either that it is not fully occupied, or there is some disorder.
The atomic displacement parameter was refined anisotropically which significantly
improved the fit (χ2 of the NPD profile reduced from 6.10 to 5.35) and is evidence
for the disorder. The shape of the ellipsoids associated with this displacement is
shown in Figure 3.23.
Figure 3.23: Structure of the refined model of Ba2Y0.85UO6 including the thermal
ellipsoids of the O1 atoms, shown in red.
The ellipsoids are essentially directed along the b-axis, which possibly corre-
sponds to an un-condensed soft mode in which the oxygens are displaced in a
manner close to, but not quite coherently enough to be, the P21/n structure.
Testing the P21/n model failed to improve the fit, despite the additional param-
eters, confirming the I2/m model. In the P21/n model anisotropic displacement
parameters of the equivalent oxygen site were refined and this indicated similar
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displacement along the b-axis, suggesting that this is related to positional disorder
rather than cooperative displacements - that is, tilting.
Excess oxygen would presumably exist in interstitial positions. In order to
probe this possibility, fourier difference maps were calculated from the refinement
of neutron diffraction data. This did not provide any evidence for occupation of a
particular site, suggesting that the excess oxygen is disordered among interstitial
sites. Similarly, there were no additional peaks in either the neutron or X-ray
data to suggest that the B-site vacancies were ordered, and it is concluded that
these are randomly distributed.
The family of compounds Ba2B
3+M6+O6 including Ba2YUO6 were previously
investigated by Kemmler-Sack et al. [92]. Consistent with these findings, they
found the cation site to be 5/6 occupied (83%), and they concluded from density
measurements that the sample contained interstitial oxygen atoms. The NPD
pattern (Figure 3.1) does indeed show evidence for a small amount of oxygen
disorder in the slight increase in the background as 2θ increases (relative to other
patterns such as Figure 3.4).
The pentavalent state of uranium is very rare, reflecting its poor stability due
to the unfavourable electron configuration. The formation of the B-site deficient
perovskite is undoubtably how the system avoids formation of the unfavourable
U5+.
3.4.2 Variable temperature structures
As expected, the structures with tolerance factors appreciably less than 1.0 main-
tained the a−a−c+ tilt system upon heating to temperatures around 900 °C. Com-
paring the tolerance factors (t) and transition temperatures of the three oxides
with t closest to unity, Ba2CaUO6 (0.942), BaSrCaUO6 (0.915) and Ba2SrUO6
(0.905), the stability of the tilted structure in BaSrCaUO6 is unexpected. A
lower tolerance factor indicates a more distorted structure, and structures that
are relatively more distorted have been shown to have higher transition temper-
atures [88, 93]. Based on the calculated tolerance factors, Ba2SrUO6 is expected
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to adopt are more distorted structure since this has the lowest tolerance factor.
Consequently any transition to a higher symmetry structure should occur at a
higher temperature in Ba2SrUO6 than in BaSrCaUO6 which has the higher tol-
erance factor. This expectation is not met; the structure of BaSrCaUO6 remains
monoclinic in P21/n to above 1000 °C whereas Ba2SrUO6 transforms from P21/n
to R3 at 630 °C and cubic near 930 °C.
The BVS calculations suggest both the U6+ and Ca2+ to be relatively stable
in BaSrCaUO6 at high temperatures, with BVS between 6.1-6.3 and 2.1-2.3, re-
spectively. In Ba2CaUO6, the U
6+ is somewhat over-bonded in the I2/m phase
with c/a < 1 (BVS = 6.16) , and under-bonded (5.08) in the second I2/m phase
that forms with c/a > 1. It should be noted that room temperature values for Ro
were used in all calculations, and that although this impacts the absolute values
of high temperature BVS, the relative values are still useful.
It is possible that the mixed A-site creates flexibility around the B-sites and
allows the structure to more easily satisfy bonding requirements, thus stabilising
the distorted structure. This is reflected in the bond valence sums which show
the Ca and U to be stable in their sites up to high temperatures in BaSrCaUO6.
Whilst appealing, this suggestion is not supported by experimental studies of other
AA’BB’O6 double perovskites including Ca2−xSrxNiWO6 and Ba2−xSrxNiWO6
[88] where the temperature at which a transition to a higher symmetry structure
reflects the tolerance factor.
A second unusual feature of the present uranium oxides is the observed I2/m-
I2/m transition in Ba2CaUO6 that involves a reversal of the c/a ratio. This
appears to be a unique example of such a transition and it is not predicted by
Howards group theory analysis. In other examples where Howards group theory is
apparently violated, secondary effects such as valence transition in Sr1−xCexMnO3
[94] and SrLaCoIrO6 [95] are present. It is not obvious what electronic effects
would be present in Ba2CaUO6.
BVS calculations suggest the transition reduces the over-bonding of the c/a
< 1 I2/m phase. In general when the over-bonding of the B-site cation becomes
unstable, the structure rearranges to re-optimise the bonding, in either a first order
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(e.g. I2/m-I4/m) or continuous (I4/m-Fm3m) fashion. It is possible that the
system encounters an energetic barrier that inhibits the I2/m-I4/m transition,
and that the second I2/m phase with c/a > 1 is essentially the kinetic product of
the thermodynamic barrier, in which the axes have reversed but the tilt system
has not yet changed. A computational investigation would be required to confirm
this explanation. Unfortunately this is out of the scope of this thesis.
Comparing the observed thermal transition sequences of Ba2SrUO6 and Ba2CaUO6,
they adopt different intermediate structures, I4/m and R3, for Ba2CaUO6 and
Ba2SrUO6, respectively. Interstingly, the same situation occurs in the analo-
gous Ba2CaWO6 and Ba2SrWO6 perovskites; Fu and co-workers [69] found that
Ba2CaWO6 adopts the I4/m structure below 240 K, whereas Ba2SrWO6 adopts
the R3 structure above about 600 K, the different temperatures reflect the differ-
ent tolerance factors. Evidently the precise nature of the octahedral B-site cation
(Ca vs Sr) is important in favouring the tetragonal or rhombohedral intermediate
structure.
The present A2BUO6 oxides are part of a wider family of double perovskites
where a divalent alkaline earth cation occupies an octahedral site and a hexavalent
cation the other. The three oxides Ba2SrM
6+O6, M = W, Mo and Te all adopt the
R3 structure, either at room temperature or upon heating [69]. The analogous
Ca compounds are all cubic at room temperature, and to our knowledge only
Ba2CaWO6 has been studied at low temperatures, and this transforms to the
tetragonal I4/m structure upon cooling. The tetragonal structure is also observed
in BaSrCaWO6 and Sr2CaWO6 (above 860 °C) that also contain Ca2+ on the
octahedral site [96]. Variable temperature studies of the other compounds would
be useful to determine if they also adopt the I4/m symmetry.
It is tempting to generalise that when Sr occupies the B-site the rhombohedral
structure is favoured over the tetragonal structure and that for Ca on the B-
site the reverse is true. The sensitivity of the structure to this is evident in
Ba2Ca0.75Sr0.25WO6 where the addition of a small amount of strontium onto the
B-site results in the formation of the rhombohedral phase [96].
Fu et al. attempted to explain why a particular double perovskite structure
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favours the tertragonal or rhombohedral intermediate using Woodwards analysis
of ABO3 perovskites [21]. Woodward showed that the rhombohedral tilt system
results in the highest coulombic attraction between ions, so when an A-cation
is highly charged with small to moderate tilting angles (i.e. t close to 1) the
rhombohedral structure will be stabilised because the attractive term overweighs
the repulsive term. Fu et al. asserted that the nature of the B-O bonding must
also play a role, and suggested that the increase in covalence of the B-O bond
favours the coordination sphere of oxygens around the A-cation that maximises
coulomb attraction. Since the oxygen anions around the A-cation are coplanar in
the R3 tilt system (as opposed to I4/m) this increases the number of A-cation
orbitals involved in the bonding and thus maximises the coulombic attraction.
Therefore, a more covalent B-O bonding interaction stabilizes the rhombohedral
symmetry [96].
The covalence of a bond can be evaluated using Paulings electronegativity scale
[97], with more similar electronegativity values resulting in a more covalent bond.
The electronegativity (χ) of oxygen is 3.5 and that for strontium and calcium, 0.95
and 1.00, respectively. Given this relatively small difference in electronegativity
between strontium and calcium, it would be surprising if this was a dominant
factor in differentiating between I4/m and R3.
Saines et al. acknowledged the significance of the octahedral cation but they
argued that the pi-bonding between the octahedral cation and the oxygen plays a
vital role in determining the symmetry [86]. For B cations capable of pi-bonding,
the tetragonal symmetry will be favoured as 1/3 of the B-O-B angles are 180°,
whereas none are in R3. This explanation appears valid in the uranium per-
ovskites. Both Sr2+ and Ca2+ have empty d-orbitals and are capable of pi-bonding,
but the smaller 3d Ca2+ will have stronger pi-bonding than the larger diffuse 4d
Sr2+, favouring the tetragonal structure when Ca is in the B-site.
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3.5 Conclusion
A number of uranium-containing double perovskites were synthesised and accurate
structures at room temperature determined using synchrotron X-ray and neutron
powder diffraction. For the oxides Ba2SrUO6, Ba2CaUO6, Sr3UO6, Sr2CaUO6 and
Ca3UO6, the results were consistent with at least one report in the literature. The
literature-reported structures for Ba2Ba0.875UO5.875 and BaSr2UO6 were improved.
Finally, accurate structures of Ba2Y0.75UO6 and BaSrCaUO6 were determined for
the first time.
All but Ba2Ba0.875UO5.875 and Ba2Y0.75UO6 were found to adopt the P21/n
space group at room temperature, and the average tilt angles of these varied
roughly linearly with the tolerance factor. That is, the distortion increased as the
tolerance factor deviated more from unity, as predicted.
Attempting to synthesise Ba2YUO6 yielded a Y-deficient compound, Ba2Y0.75UO6.
Synchrotron X-ray and neutron diffraction data indicated that the B-site vacan-
cies are disordered, and the structure is monoclinic in I2/m. This structure had
been previously studied, however the oxidation state of U has been confirmed for
the first time by examining the uranium L2-edge XANES. The spectroscopy un-
ambiguously shows the U to exist in a hexavalent state, and given this, charge
neutrality requires the presence of excess oxygen, disordered among interstitial
sites.
In contrast to thisB-site deficient perovskite, the vacancies in Ba2Ba0.875UO5.875
are ordered and the structure is in I4/mmm. Refinement of neutron diffraction
data revealed that the oxygen vacancies were also somewhat ordered, existing pri-
marily on the O4 site. The model refined against both the SXRD and NPD data
has the U-atoms in the ab plane surrounding the B-site vacancies in a trigonal
bipyrimidal coordination environment.
For the first time the high temperature behaviour of these oxides was inves-
tigated. As expected, the structures with tolerance factors far from unity main-
tained the a−a−c+ tilt system upon heating to temperatures around 900 °C.
The crystal structure of Ba2SrUO6 was investigated using synchrotron X-ray
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powder diffraction in the temperature range 25 –1000 °C. Heating Ba2SrUO6 in-
duces a first order transition to a rhombohedral R3 structure near 625 °C with
the structure becoming cubic above 925 °C.
Rietveld analysis, on a combination of synchrotron X-ray and neutron diffrac-
tion data, revealed that upon heating, Ba2CaUO6 undergoes the series of phase
transitions P21/n→ I2/m→ I2/m→ I4/m→ Fm3m. A surprising observation
was the formation of a second I2/m phase with reversed c/a axis ratio at elevated
temperatures above 650 °C. A I2/m to I2/m transition of this nature does not
appear to have been reported before in double perovskites.
The observation of the intermediate tetragonal structure, I4/m, in Ba2CaUO6
contrasts with the rhombohedral R3 intermediate formed by the Ba2SrUO6 oxide.
Comparing these with other Ba2MM
6+O6 systems, with M = Sr or Ca, the inter-
mediate structure in each known case is I4/m and R3 for the Ca and Sr oxides,
respectively. These results are consistent with pi-bonding being a dominant factor
in determining the intermediate structure.
Chapter 4
Technetium-containing oxides
4.1 Introduction
Of all the 4d transition metals, the solid-state chemistry of technetium is by far the
least explored. This is a result of the challenges associated with the synthesis and
characterization of radioactive materials. Beyond the intrigue of the unknown,
Tc-chemistry is important in the development of the nuclear fuel process as it is a
major constituent of high-level nuclear waste. Consequently, the phases it forms
with other fission products such as Sr-90 are of great interest.
Strontium technate, SrTcO3, has attracted a great deal of attention, both
theoretical and experimental. This perovskite was found to possess G-type an-
tiferromagnetic ordering up to 1000 K - the highest known magnetic ordering
temperature of any 4d metal oxide [32]. Figure 4.1 shows the magnetic structure,
determined by neutron powder diffraction. This exceptionally high Ne´el temper-
ature in a 4d metal oxide has challenged the current understanding of magnetic
interactions, and a number of theoretical investigations have been undertaken to
investigate this fascinating system [98, 99, 100, 101, 102, 103, 104]. There is, how-
ever, a distinct lack of experimental work to accompany these studies. One way
to experimentally understand the magnetic interaction and cause of the high Ne´el
temperature in SrTcO3 is to experimentally study the impact of chemical doping
on the magnetic properties.
The first aim of this chapter is to investigate the relationship between struc-
ture and magnetic properties in SrTcO3, by doping on both the A- and B -sites.
The ambient, high and low temperature structures of the BaxSr1−xTcO3 and
SrRuxTc1−xO3 series were studied by means of synchrotron X-ray and neutron
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Figure 4.1: The magnetic structure of SrTcO3. The Tc spins are shown, and
adopt a G-type antiferromagnetic arrangement.
powder diffraction, and the magnetic properties evaluated using NPD and/or
PPMS. Finally, given that there is relatively little known about even the simplest
oxides of technetium, this work investigates the ambient, high and low tempera-
ture structure of TcO2 and NH4TcO4.
4.2 Synthesis
4.2.1 General technique
The starting materials used were SrCO3, BaCO3, RuO2 and TcO2. The carbon-
ates were dried before weighing in order to remove any absorbed carbon dioxide
or water. Because Tc-99 is a beta-emitter, all synthesis was carried out in a lab-
oratory designed and registered for working with Tc, following strict protocols
and wearing appropriate personal protective equipment, specifically eye goggles,
laboratory coat, over-shoes and gloves. The samples were ground in methanol in
an agate mortar and pestle, placed in a HEPA fume hood behind a plastic shield,
and shoulder length polyethylene gloves were worn during this process.
The material was kept under methanol and once ground was transferred to a
centrifuge tube. The sample was dried using diethyl ether, before being transferred
into an alumina boat. Unless otherwise stated, all samples were heated in a tube
furnace under flowing argon, so as to prevent oxidation of the Tc.
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4.2.2 NH4TcO4
The ammonium pertechnetate received from Los Alamos National Laboratory was
an impure black compound. The desired amount was purified by recrystallization
in a mixture of hydrogen peroxide (30%), water and ammonium hydroxide (14
M), producing the pure white technetate.
4.2.3 TcO2
Approximately 5 g of purified white NH4TcO4 was heated in a tube furnace under
flowing argon gas at 750 °C for 2 hours, yielding 3.6 g of TcO2 as a black powder.
4.2.4 BaTcO3
Two separate attempts were made to synthesise this material, in both cases ap-
proximately 0.06 g of product was made.
1. Stoichiometric amounts of the starting materials were mixed and heated at
850 °C for 20 hrs under Ar.
2. Stoichiometric amounts of the starting materials were mixed and placed in
a large glass tube that had been sealed at one end. The tube was sealed at the
other end whilst under vacuum and this was placed in a furnace at 630 °C for
10 days. After regrinding, the product was heated again at 900 °C/15 hrs under
argon.
4.2.5 BaxSr1−xTcO3 x = 0, 0.1, 0.2, 0.3, 0.4
Stoichiometric amounts of the starting materials were mixed and heated at 900
°C/ 45 hrs with intermittent re-grindings. Approximately 1.63 g of x = 0.1, 0.2
and 0.016 g of x = 0, 0.3, 0.4 were prepared.
4.2.6 BaxSr1−xTcO3 x = 0.3, 0.4 large scale attempt
Stoichiometric amounts of the starting materials were mixed and heated at 900
°C/ 45 hrs with intermittent re-grindings. Approximately 1.6227 g of material
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was prepared.
4.2.7 Ba2TcO4
Stoichiometric amounts of the starting materials were mixed and heated in a glass
tube, sealed under vacuum, at 600 °C for 10 days. Approximately 0.0316 g of
material was prepared.
4.2.8 SrRuxTc1−xO3 x = 0.25, 0.5, 0.75
Stoichiometric amounts of the starting materials were mixed and heated at 900
°C/ 30 hrs with intermittent re-grindings. Approximately 0.06 g of material was
prepared.
4.3 A-site doping
4.3.1 Background
The reason that the high Ne`el temperature found in SrTcO3 is so remarkable, is
that the more spatially extended 4d orbitals usually prevent strong coupling of
the magnetic spins. High magnetic ordering temperatures are most commonly
observed in 3d transition metal oxides [47]. Most of the theoretical studies on the
magnetism in SrTcO3 reach similar conclusions regarding the origin of the high
magnetic ordering temperature [98, 101, 32]. Generally, the large overlap between
the Tc 4d and oxygen 2p orbitals (due to the more spatially extended 4d) results
in strong covalency of the Tc-O interaction, which gives a large magnetic exchange
energy and strong superexchange interaction.
Mravlje et al. [100] argue that a consequence of the half-filled t2g orbital
configuration of Tc4+ in SrTcO3 results in this existing close to the localised-
itinerant transition. Given the itinerant nature of the Tc electrons, the explanation
given above, which is based on the localised electron description, is inappropriate.
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Information on the magnetic interactions in SrTcO3 can be acquired by ob-
serving the effect of A-site doping on the magnetic properties. CaTcO3 has been
experimentally studied and exhibits the same G-type AFM ordering up to 800
K [35]. Comparing the two technates, structurally the Ca is more distorted and
has a smaller Tc-O-Tc bond angle. Calculations show a larger magnetic exchange
energy in SrTcO3, that is associated with the larger bandwidth resulting from the
larger Tc-O-Tc bond angle. This can explain the higher ordering temperature in
SrTcO3 compared to CaTcO3 [99, 101, 103, 45]. The analogous CaxSr1−xRuO3
system was studied by Goodenough et al. [105] who offered a different explanation
for the increase in ordering temperature from Ca to Sr. Goodenough suggested
that there is direct competition between the A and B cations for the oxygen 2p
orbitals, and increasing A-O covalency will decrease the effective B-O covalency
which will decrease the ordering temperature.
Calculations have predicted [98, 101] that BaTcO3 would have a yet higher
Ne`el temperature, as the even less distorted structure would have a larger Tc-O-
Tc bond angle, and a stronger superexchange interaction. However, the size of
Ba means the favourable structure formed would be either cubic or hexagonal.
The latter would result in very different magnetic interactions. Indeed, literature
indicates the BaTcO3 is hexagonal [106], although this has not been independently
verified.
This work is aimed at investigating the structure and magnetic properties of
the BaxSr1−xTcO3 series. It was initially established how much Ba can be incor-
porated into the orthorhombic structure. Then the samples were characterised
using SXRD before evaluating the magnetic ordering temperature using NPD.
According to the current understanding of the magnetism in SrTcO3, the Ne´el
temperature is expected to increase with increasing Ba content [98, 101].
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4.3.2 Synthesis attempts
4.3.2.1 BaTcO3
The first attempt at the synthesis of BaTcO3 was done under similar conditions
used to prepare SrTcO3, namely heating at 850 °C/ 15 hrs in flowing argon. This
failed to produce a perovskite phase and resulted in a mixture of phases that we
were unable to identify (shown in Figure 4.2).
The second attempt used the same conditions as reported in the literature
[106], in a sealed glass tube at 630 °C/ 10 days. This resulted in a mixture
of phases, shown in Figure 4.2. One of these resembles a hexagonal perovskite
phase, however, a suitable model for the data could not be found. The other
phases present include the BaCO3 starting material and another phase that could
not be identified. The product of this second attempt was then heated at 900 °C/
15 hrs. This resulted in the loss of the main perovskite-like phase, and produced
a mixture of phases very similar to the first attempt product.
The failure to obtain a single perovskite phase of BaTcO3 is not suprising,
given the relatively large size of the Ba cation, reflected in the tolerance factor
(t=1.04). This suggests that if a perovskite phase were to form, it would likely be
hexagonal. Indeed, to form the analogous ruthenium perovskite BaRuO3 requires
high temperature-pressure (18 GPa at 1100 °C) conditions. Under those conditions
the cubic Pm3m phase is obtained. Intermediate pressures of above 3 GPa are
required to obtain a pure hexagonal phase in space group P63/mmc [105].
The present results indicate that hexagonal BaTcO3 is only stable at low tem-
peratures (<700°C) where the other unknown phases appear to also be stable.
At these temperatures the starting reagents are relatively stable. It appears that
formation of a single phase sample BaTcO3 with either the edge sharing or corner
sharing arrangement would require a high pressure synthesis. Due to the activity
of Tc, this is not possible with the facilities available to us.
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Figure 4.2: Laboratory XRD patterns of the products from the attempted syn-
thesis of BaTcO3, the protective dome contributes to the high background. a)
Heating in a sealed tube at 630 °C for 10 days, the main perovskite peaks are
shown with asterisks. b) After heating (a) at 900 °C in Ar. c) Heated at 850 °C.
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4.3.2.2 Impact of temperature and time on Ba0.3Sr0.7TcO3
Since both the chemical reactivity and radioactivity of technetium present syn-
thetic challenges, the experimental techniques are limited to those that minimise
risk of exposure and contamination. Consequently, an attempt was made to estab-
lish optimal synthetic conditions for a single composition, namely Ba0.3Sr0.7TcO3.
The synthesis temperature and the effect of length of heating step were tested
and the results indicate that increasing the temperature increases the amount of
perovskite phase relative to the impurity phases. Heating at 900 °C for 12 hours,
compared to 24 hours, reveals that a longer heating time actually results in phase
separation between SrTcO3 and BaTcO3, shown in Figure 4.3. It was found that
grinding the powder after a shorter heating step was crucial.
Figure 4.3: Laboratory XRD pattern of the resultant phases when heating a
nominal Ba0.3Sr0.7TcO3 at 900 °C for 24 hours. The lower marks correspond to the
Pnma SrTcO3, and the upper tick marks correspond to a hexagonal P63/mmm
BaTcO3 phase.
It is interesting to note that the BaTcO3 did not form when stoichimetric
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amounts of BaCO3 and TcO2 were reacted at the same temperature. The Sr
phases apparently provides a form of chemical pressure that enables formation of
the barium technate phase.
4.3.2.3 Attempt at Ba0.5Sr0.5TcO3
The synthesis of members of the BaxSr1−xTcO3 series was successfully achieved up
to x = 0.4, although more heating steps were required for increasing Ba content.
After multiple attempts at the synthesis of Ba0.5Sr0.5TcO3, it was concluded that
this could not be achieved with the available methods.
Heating at 900 °C/12 hours resulted in separated BaTcO3 and SrTcO3 phases,
as well as additional impurity phases. Re-grinding and heating again at 900 °C/12
hours did remove the BaTcO3 but failed to change the amount of the impurity
phases relative to the main phase.
Given that the initial reaction of the starting materials resulted in phase sep-
aration, an attempt was made to firstly form the mixed carbonate Ba0.5Sr0.5CO3,
and use this as a precursor for the reaction. The mixed carbonate was made and
confirmed using XRD, but unfortunately the reaction produced the same result,
as described above.
4.3.2.4 Large scale attempts
Initially, all attempted samples were made to produce around 50 mg of product
in order to minimise waste and the activity being handled. Analysis with NPD
requires larger samples, and so the initial successful syntheses were repeated on
larger batches, aiming to result in around 1.3 g of product.
For the 10 and 20% Ba content samples, the result of the initial heat was
separated BaTcO3 and SrTcO3 phases, but after re-grinding and heating again, a
single phase was formed. X-ray analysis of these samples revealed the presence of
a small amount of an impurity phase of Al2O3. It is believed that this originated
from the Al2O3 mortar and pestle used in the preparation of the larger samples.
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Figure 4.4: Laboratory XRD pattern of the attempts to synthesise large scale
Ba0.3Sr0.7TcO3 and Ba0.4Sr0.6TcO3. The asterisks show the peaks that correspond
to the BaTcO3 phase.
For the 30 and 40% Ba content samples, the initial heating step also resulted
in the formation of separate BaTcO3 and SrTcO3 phases. In these cases the phase
separation remained after re-grinding and heating again muliple times (Figure
4.4). Attempts to overcome this problem included grinding the sample in small
batches and grinding for much longer periods (1 hour), and increasing the heating
temperature. Irrespective of the heating used it proved impossible to prepare large
samples of phase pure Ba0.3Sr0.7TcO3 and Ba0.4Sr0.6TcO3.
4.3.3 Synchrotron X-ray diffraction
4.3.3.1 Ambient temperature structures
SXRD data were collected for all members of the BaxSr1−xTcO3 series under am-
bient conditions. Attempts to fit the data using a single phase were unsuccessful,
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and it became obvious that two phases were present in all samples. The SXRD
patterns showed splitting indicative of at least one phase being orthorhombic, but
no evidence of M -point reflections. There was also no evidence of the presence of
M -point reflections in the NPD pattern, and so it was surmised that the Pnma
phase (containing an in-phase tilt) was not present. Consequently it was con-
cluded that an Imma phase was present. A model with both an orthorhombic
Imma and tetragonal I4/mcm phase was developed and this provided the best
fit to the data.
There are two distinct scenarios for the co-existance of these phases; the first is
that for these compositions at room temperature, the structure exists near the sta-
bility boundary of the Imma (a−a−c0) and I4/mcm (a0a0c−) structures. The co-
existance of these arises due to the nature of the transition between, which is first
order. The second scenario is that the phases have slightly different compositions,
that is, one is Ba-rich and the other Sr-rich (relative to the ideal composition).
At room temperature the structures of these compositions are different.
These two possibilities can be distinguished by variable temperature measure-
ments. If the first case were true, the phase composition is temperature dependant
and the orthorhombic phase will be lost with increasing temperature, and a sin-
gle phase tetragonal structure would eventually appear. Unfortunately, the phase
separation is temperature independant indicating that scenario two is correct.
Both phases eventually became cubic and beyond a certain temperature there
were quite clearly two cubic phases of slightly different sizes - corresponding to
different amounts of Ba. This will be elaborated on in the next section.
The model used to fit the room temperature data, Imma and I4/mcm, can be
explained by considering the tolerance factor. The SrTcO3 transitioned to both
these structures upon heating [45], and compositional transitions are known to
mimic those that are thermally-induced [89]. The addition of Ba to SrTcO3 will
increase the tolerance factor which will favour a higher symmetry structure. Hence
the I4/mcm phase should be the Ba rich phase. This expectation is met in the
cell volumes. The volume of the Imma is smaller than the I4/mcm phase, and
these correspond to the Sr-rich and Ba-rich (relative to the ideal composition),
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respectively.
The next step was to attempt to establish the composition of each phase. For
this the site occupancies were refined against the SXRD data over a range of
temperatures, including room temperature and in the cubic region. The resulting
stoichiometries (given in Table 4.1) were confirmed by comparing the volumes of
the unit cells, shown in Figure 4.5.
Table 4.1: Resulting stoichiometries from refinements of BaxSr1−xTcO3
Ideal x x Sr-rich phase % x Ba-rich phase %
0.1 0.08(1) 80.0(1) 0.16(1) 20.0(1)
0.2 0.15(1) 47.0(1) 0.25(1) 53.0(1)
0.3 0.17(1) 73.0(1) 0.35(1) 27.0(1)
0.4 0.19(1) 42.0(1) 0.45(1) 58.0(1)
Table 4.2: Refined structural parameters of Ba0.1Sr0.9TcO3 from SXRD data
Composition Ba0.08Sr0.92TcO3 Ba0.16Sr0.84TcO3
Space Group Imma I4/mcm
Weight % 80.0(1) 20.0(1)
a (A˚) 5.5847(1) 5.6131(2)
b (A˚) 7.9093(2) 5.6131(2)
c (A˚) 5.6074(3) 7.9435(4)
Ba/Sr 4e(0,1/4,z) 4b(0,1/2,1/4)
z 0.4885(7)
B (A˚2) 0.96(3) 1.07(2)
Tc 4a(0,0,0) 4c(0,0,0)
B (A˚2) 0.34(2) 0.29(1)
O1 4e(0,1/4,z) 4a(0,0,1/4)
z 0.041(5)
B (A˚2) 1.1(6) 0.8(9)
O2 8g(1/4,y,1/4) 8h(x,x+ 1/2,0)
x/y 0.509(2) 0.243(4)
B (A˚2) 1.1(3) 0.7(5)
4.3.3.2 High temperature structures
Establishing the I4/mcm-Pm3m transition temperature is normally achieved by
monitoring the presence of the R-point reflections and the splitting of the diag-
nostic reflections. In the present case the R-point reflections are relatively weak
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Table 4.3: Refined structural parameters of Ba0.2Sr0.8TcO3 from SXRD data
Composition Ba0.15Sr0.85TcO3 Ba0.25Sr0.75TcO3
Space Group Imma I4/mcm
Weight % 47.0(1) 53.0(1)
a (A˚) 5.58517(8) 5.6146(7)
b (A˚) 7.9067(2) 5.6146(7)
c (A˚) 5.6105(2) 7.9443(3)
Ba/Sr 4e(0,1/4,z) 4b(0,1/2,1/4)
z 0.498(2)
B (A˚2) 1.11(3) 1.03(2)
Tc 4a(0,0,0) 4c(0,0,0)
B (A˚2) 0.39(2) 0.20(1)
O1 4e(0,1/4,z) 4a(0,0,1/4)
z 0.046(4)
B (A˚2) 0.5(4) 0.8(7)
O2 8g(1/4,y,1/4) 8h(x,x+ 1/2,0)
x/y 0.511(3) 0.244(5)
B (A˚2) 1.1(2) 0.7(4)
Table 4.4: Refined structural parameters of Ba0.3Sr0.7TcO3 from SXRD data
Composition Ba0.17Sr0.83TcO3 Ba0.38Sr0.62TcO3
Space Group Imma I4/mcm
Weight % 73.0(1) 27.0(1)
a (A˚) 5.5957(1) 5.6156(9)
b (A˚) 7.9173(2) 5.6156(9)
c (A˚) 5.6136(2) 7.9478(3)
Ba/Sr 4e(0,1/4,z) 4b(0,1/2,1/4)
z 0.500(2)
B (A˚2) 1.06(1) 0.73(2)
Tc 4a(0,0,0) 4c(0,0,0)
B (A˚2) 0.34(1) 0.26(1)
O1 4e(0,1/4,z) 4a(0,0,1/4)
z 0.017(6)
B (A˚2) 1.4(4) 0.2(2)
O2 8g(1/4,y,1/4) 8h(x,x+ 1/2,0)
x/y 0.483(1) 0.252(5)
B (A˚2) 0.8(2) 2.0(4)
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Figure 4.5: Unit cell volumes of the phases in each sample at ambient temperature,
estimated from Rietveld analysis of synchrotron XRD data. The black and blue
markers correspond to the Sr- and Ba-rich phase (relative to the ideal composition)
for each sample.
and the diagnostic reflections are impacted by the phase composition. The tem-
perature dependence of the FWHM of the (200)p reflection which is a doublet in
I4/mcm but a single peak in the cubic phase was used to indicate the point where
both phases were cubic.
For the Ba0.1Sr0.9TcO3 sample, the FWHM became constant above 540 °C,
and the data was well fitted using a Pm3m model for both phases. Although the
temperature dependance of the FWHM suggests that the cubic phases are not
obtained until 540 °C, the refinements using the tetragonal model for the Sr-rich
phase were unstable between 400 and 540 °C. Since the symmetry change from
Pm3m to I4/mcm is primarily due to oxygen displacements, and SXRD is not
very sensitive to these; this is reflected in the weakness of the R-point reflections.
Consequently, these transition temperatures represent a lower limit. A two phase
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Table 4.5: Refined structural parameters of Ba0.4Sr0.6TcO3 from SXRD data
Composition Ba0.19Sr0.81TcO3 Ba0.45Sr0.55TcO3
Space Group Imma Pm3m
Weight % 42.0(1) 58.0(1)
a (A˚) 5.6158(1) 3.97536(3)
b (A˚) 7.9425(2) 3.97536(3)
c (A˚) 5.5999(1) 3.97536(3)
Ba/Sr 4e(0,1/4,z) 1b(1/2,1/2,1/2)
z 0.499(1)
B (A˚2) 1.03(1) 0.66(2)
Tc 4a(0,0,0) 1a(0,0,0)
B (A˚2) 0.32(1) 0.17(1)
O1 4e(0,1/4,z) 3d(1/2,0,0)
z 0.005(6)
B (A˚2) 0.4(3) 0.73(4)
O2 8g(1/4,y,1/4)
x/y 0.516(1)
B (A˚2) 1.9(1)
I4/mcm and Pm3m model was used to analyse the data between 300-400 °C, and
below 300 °C a two phase Imma and I4/mcm model was used.
Similarly for Ba0.2Sr0.8TcO3, the temperature dependance of the FWHM of
the (200)p reflection indicated that both phases were cubic above 500 °C. The
tetragonal model was not stable until below 460 °C. Analysis of the diffraction
patterns suggest the transition to Imma for the Sr-rich phase occurs below 240
°C. A two-phase Imma + Pm3m model was used to analyse data collected for
temperatures down to 60 °C. The structure of the Ba-rich phase appeared to
transition from I4/mcm to Pm3m just above room temperature.
For Ba0.3Sr0.7TcO3, at high temperatures (above 360 °C) the data was well
fit to a model with two cubic phases. This is consistent with the temperature
dependance of the FWHM of the (200)p peak, that indicates the Sr-rich phase
becomes cubic above 360 °C. Below this temperature, this model did not fit the
data as well as it did at higher temperatures. Using a two-phase I4/mcm and
Pm3m model (for the Sr- and Ba-rich phases, respectively) the data were fitted
very well down to 180 °C. Below this temperature, the splitting of diagnostic peaks
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Figure 4.6: Temperature dependence of lattice parameters of BaxSr1−xTcO3 esti-
mated from Rietveld analysis of synchrotron XRD data. The triangle and circle
markers correspond to the Sr- and Ba-rich phase (relative to the ideal composition)
for each sample.
(such as the (444)p) indicated that a lower symmetry is required to model one of
the phases. Using Imma for the Sr-rich phase provided an adequate fit to the
data. The Pm3m to I4/mcm transition for the Ba-rich phase appears to occur at
140 °C, and the Imma + I4/mcm model was appropriate below this temperature.
The temperature dependance of the FWHM of the (200)p peak for Ba0.4Sr0.6TcO3
indicates that both phases are cubic above 260 °C. The Sr-rich phase could be mod-
elled using space group I4/mcm below this temperature, and the transition of this
tetragonal structure to the orthorhombic Imma structure appeared to occur at 80
°C, below which the Imma+Pm3m model provided a good fit to the data down
to room temperature. These results are summarised in Figure 4.6 and Table 4.6.
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Table 4.6: Summary of each phase composition and transition temperature ranges.
Ideal composition Composition % Imma (°C) I4/mcm (°C) Pm3m (°C)
Ba0.1Sr0.9TcO3 0.08(1) 80 25-280 300-520 ≥ 540
Ba0.1Sr0.9TcO3 0.16(1) 20 25-300 ≥ 300
Ba0.2Sr0.8TcO3 0.15(1) 47 25-220 240-480 ≥ 500
Ba0.2Sr0.8TcO3 0.25(1) 53 25-40 ≥ 60
Ba0.3Sr0.7TcO3 0.17(1) 73 25-160 180-340 ≥ 360
Ba0.3Sr0.7TcO3 0.35(1) 27 25-120 ≥ 140
Ba0.4Sr0.6TcO3 0.19(1) 42 25-60 80-240 ≥ 260
Ba0.4Sr0.6TcO3 0.45(1) 58 ≥ 25
4.3.4 Neutron powder diffraction
Unfortunately, samples of Ba0.3Sr0.7TcO3 and Ba0.4Sr0.6TcO3 could not be ob-
tained in sufficient quantities for NPD. Consequently, NPD data was only mea-
sured for the samples with the lowest Ba content, Ba0.1Sr0.9TcO3 and Ba0.2Sr0.8TcO3.
The room temperature NPD patterns for both samples are shown in Figure
4.7. The model was refined against both the SXRD and NPD data. The Rietveld
analysis involves six phases. The first two are the two different nuclear phases,
corresponding to the Ba-rich and Sr-rich compositions described above in the
SXRD profiles. Each of these phases has a corresponding magnetic cell. The
magnetic structure was found to be independant of crystal structure in SrTcO3
[45], and so the same magnetic structure was used for both compositions. The
final two phases are the Al2O3 impurity phase and a niobium phase, from the
NPD furnace. The magnetic phases and the Nb phase only contribute to the
NPD pattern, and peaks from these phases are absent in the SXRD pattern.
Figure 4.8 shows the failure of the nuclear model to account for the intensity
of the orthorhobic (011) reflection at around 20.3°. This is similar to the situa-
tion described for CaTcO3 and SrTcO3 [45, 35]. The requirement of the magnetic
phases to account for the intensity is quite clear, as the contribution to this reflec-
tion from the nuclear cell alone is negligible. The observation of only one magnetic
peak is a consequence of the magnetic form factor, which decreases dramatically
with 2θ for 4d and 5d electrons, due to their delocalised nature [107].
The magnetic contribution to the NPD data was fitted using a G-type anti-
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Figure 4.7: Room temperature neutron powder diffraction profiles for
Ba0.1Sr0.9TcO3(upper) and Ba0.2Sr0.8TcO3(lower). The tick marks, from high-
est to lowest, correspond to nuclear Sr-rich, nuclear Ba-rich, magnetic Sr-rich,
magnetic Ba-rich, Al2O3 and Nb.
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Figure 4.8: Room temperature neutron powder diffraction profiles for
Ba0.1Sr0.9TcO3 and Ba0.2Sr0.8TcO3 without (upper) and with (lower) the magnetic
phases included.The tick marks, from highest to lowest, correspond to nuclear Sr-
rich, nuclear Ba-rich, magnetic Sr-rich (for lower panels), magnetic Ba-rich (for
lower panels), Al2O3 and Nb.
ferromagnetic magnetic structure, as employed for SrTcO3 and CaTcO3 [32, 35].
The magnetic phases share the same unit cell as the nuclear phases, that is, the
propogation vector is k=[0,0,0]. In this arrangement, the spin on each cation is
aligned anti-parallel to those on all six of its nearest neighbours.
The paucity of magnetic reflections in the NPD pattern and the proximity of
these reflections precluded unconstrained refinement of the two magnetic struc-
tures. The observation that the Tc magnetic moments are essentially the same
in SrTcO3 (1.69 µB) and CaTcO3 (1.87 µB) [32, 35] was utilised. This, together
with the observation that the Tc moment is the same in the tetragonal and or-
thorhobmic structure of SrTcO3 justified constraining the moment between the
phases here. Further justification for this is in is the studies of the substitution
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of Sr for Ba in BaxSr1−xRuO3, where the incorporation of Ba did not change the
magnetisation [105].
The refined Tc moments at room temperature for Ba0.1Sr0.9TcO3 and Ba0.2Sr0.8TcO3
are 2.32(14) µB and 2.11(13) µB, respectively. The evolution of the magnetic peak
with temperature for both samples is shown in Figure 4.9, along with the change
in the intensity of the (110)+(001) peak.
The refined values of the Tc magnetic moment for both samples are shown in
Figure 4.10. Functions of the type (TN − T )x have been fitted to the data, and
the extracted Ne`el temperatures are 714 °C and 702 °C for Ba0.1Sr0.9TcO3 and
Ba0.2Sr0.8TcO3, respectively.
4.3.5 X-ray absorption near-edge spectroscopy
The Tc K-edge XANES spectra were obtained for all members of the BaxSr1−xTcO3
(0 ≤ x ≥ 0.4) series, shown in Figure 4.11. The K-edge predominantly corresponds
to the transition of 1s electrons into empty 5p states, and the absorption energy
is highly dependant upon the effective charge of the metal reflecting the higher
energy required to ionise the Tc. A strong correlation between edge position and
formal Tc oxidation state has been established [108, 109, 110].
The oxidation state of Tc in SrTcO3 has been shown to be 4+ by both K-edge
and L-edge XANES [111]. There is clearly no edge shift across the BaxSr1−xTcO3
series, showing that Tc remains tetravalent in all samples, as expected.
4.3.6 Discussion
Based on the current understanding of the magnetism of SrTcO3, and CaTcO3, it
was predicted that the Ne´el temperature of BaTcO3 would be higher than that of
SrTcO3, and that the Ne´el temperature would increase with Ba content in the solid
solution BaxSr1−xTcO3. This expectation is based on the anticipated structural
changes imposed by the larger Ba2+ cation. Increasing the size of the A-site cation,
should result in straightening of the Tc-O-Tc bond angle that will enhance the
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Figure 4.9: Top images show the evolution of the (110)+(001) magnetic peaks
(indicated by the arrows) with temperature for Ba0.1Sr0.9TcO3 and Ba0.2Sr0.8TcO3.
The lower panels show the intensity of these peaks as a function of temperature.
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Figure 4.10: Change in the refined magnetic moment with temperature for
Ba0.1Sr0.9TcO3 and Ba0.2Sr0.8TcO3. The solid lines are fits to expression (TN −
T )0.11, where TN takes values of 714 and 702, respectively.
Figure 4.11: Normalised Tc K-edge absorption spectra of BaxSr1−xTcO3.
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Tc-t2g O-p hybridisation. This will increase the strength of the superexchange
interaction, therefore increasing the Ne´el temperature.
Our experimental evidence shows this not the case. Rather, the Ne´el tem-
perature appears to decrease with increasing Ba content. There are a number of
studies on similar systems that have sought to establish the relationship between
the structure and the magnetic ordering temperature, and many factors including
the average A-site ionic radius, < rA > =
∑
yiri, the A-site cation size variance,
σ2 =
∑
yir
2
i− < rA >2, the Tc-O-Tc bond angle and the Tc-O bond distance
considered.
Chmaissem studied the impact of Ca and Ba doping on the SrMnO3 system
[112]. They found that TN was maximum for SrMnO3, and that it varied as cos
2θ
in the orthorhombic and tetragonal region Sr1−yCayMnO3 y ≤ 0.2. However,
TN deviates from this behaviour for the cubic structures Sr1−yCayMnO3 y > 0.2
and Sr1−xBaxMnO3 x ≤ 0.2. In the cubic structure the variation in TN could
be understood by considering the impact of both the size variance σ2 and cos2θ.
In our case, the Tc-O-Tc bond angle is 180° for each structure, and so these
relationships can not be used to explain the observed behaviour.
The analogous ferromagnetic ruthenium system has also been thoroughly stud-
ied by Goodenough et al. [105], who found that the maximum Tc occurs at
SrRuO3, with both Ca and Ba doping reducing Tc. The behaviour of Tc with
increasing Ba and Ca content is vastly different, and appears to be caused by
different mechanisms. Substitution of Sr2+ for the more acidic Ca2+ reduces the
Ru-O-Ru bond angle, which narrows the pi∗ band and removes band degeneracy.
This results in a greater spin-orbit coupling that competes with the spin-spin cou-
pling across the Ru-O-Ru bonds (that is reduced from the change in bond angle).
This dilution of the ferromagnetic spin-spin coupling across the Ru-O-Ru bonds
appears to be the cause of the reduced Tc with the addition of Ca.
Substitution of Ba introduces two competing effects in the BaxSr1−xRuO3 se-
ries. The first is that the more ionic Ba2+, relative to Sr2+, results in a less
covalent A-O bond. Because the A-O bond is in direct competition for the O p
orbital electrons, the covalency of the M -O bond is increased. The increased co-
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valency broadens the bandwidth, which, according to the Stoner model, decreases
the density of states near the Fermi energy and decreases the Tc. The second
effect is the relative lengthening of the Ru-O bond distances due to the increase
in size of the unit cell, which narrows the bandwidth. This has the opposite effect
of increasing the Tc.
In order to establish which effect was the dominant one, Goodenough and co-
workers performed a high pressure experiment [105], during which the ionic nature
of the A-site remains the same but the Ru-O bond distance is decreased. As the
pressure was increased, the Tc decreased down to a saturation value of 50 K for
P > 20 kbar. This saturation Tc is lower than that for SrRuO3 for P > 130 kbar
[113], indicating that the former effect of A-site ionicity is the dominant one, the
ionic character of Ba2+ broadens the bandwidth. However, the relatively small
decrease in Tc with Ba shows that the latter effect is also playing a role.
Interestingly, in the cases ARuO3, AMnO3 and ATcO3 (A=Ca,Sr,Ba), the
magnetic ordering temperature is maximum for A = Sr. Furthermore, substitution
of Sr by Ca or Ba has a similar effect on the ordering temperature for each metal; a
sharper reduction with Ca doping and relatively softer reduction with Ba doping.
Figure 4.12 shows this behaviour for the Tc and Mn series, the Mn data is from
the work of Chmaissem et al. [112]. For the Tc data, the Ne´el temperatures
represent the compositions with lowest Ba content in each sample. Assuming
that TN decreases with Ba content, as observed in the AMnO3 oxides, the Sr-
rich phases will have the higher TN , and is therefore the phase the observed TN
corresponds to.
In both the AMnO3 and ATcO3 systems, the B-site cations are tetravalent
and have three d-electrons. The t2g orbitals are consequently half-filled. CaTcO3
and CaMnO3 adopt the same orthorhombic structure which is observed for all the
Mn oxides shown in Fig 4.11. In addition, all possess a G-type AFM structure.
The major difference is that Mn has 3d electrons, while Tc has 4d electrons. The
larger extent of the 4d orbitals increases the Tc-O orbital overlap, which increases
covalency of the Tc-O bond. This is a significant contribution to the dramatically
higher Ne´el temperature of around 700 °C compared to -70 °C of SrMnO3.
4.3. A-site doping 98
Figure 4.12: Change in the observed Ne´el temperatures as a function of average
A-cation size for the ATcO3 and AMnO3 [112] series with A= Ca, Sr, Ba.
In both systems, the behaviour of the Ne´el temperature with Ca substitution
into SrMO3 mimics changes in the M -O-M bond angle. This structural impact on
the ordering temperature can be explained by the decrease in the M -O-M bond
angle which weakens the magnetic exchange interaction and results in a reduced
TN [99, 101, 103, 45], in CaMO3 compared to SrMO3.
This above reasoning does not, however, explain the impact of Ba doping
on the behaviour of the TN . With the Tc-O-Tc bond angle equal or very close
to 180°, which it is for even the composition with the smallest amount of Ba,
the importance of other factors are revealed. Goodenough et al. noted similar
behaviour in Sr1−xBaxRuO3, and suggested that introducing the more ionic Ba2+,
relative to Sr2+, results in less competition for the O p orbital electrons with
concurrent increase in the covalency of the M -O bond. This broadens the 4d
bandwidth and decreases the ordering temperature.
A similar argument can be used to explain the magnetic behaviour of the
Tc system. However, it must be noted that the TN ’s occur at such elevated
temperatures relative to the Ru and Mn systems, and the structures undergo
three structural phase transitions before magnetic order is lost. Given this, it is
very surprising that the behaviour of ordering temperature mimics that of Ru and
Mn systems.
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4.4 B-site doping
4.4.1 Background
SrRuO3 is one of the earliest examples of a 4d oxide with surprising properties,
in fact it remains one of the only 4d oxides that is a ferromagnetic metal. For
this reason, as well as its technological relevance, it has been thouroughly studied
for the past 40 years [114, 115, 116, 117]. SrRuO3 has an orthorhombic Pnma
structure at room temperature, very similar to SrTcO3. The d
4 Ru4+ electrons
are in a low-spin configuration (S=1), corresponding to a partially-filled 4d shell.
The material exhibits long range ferromagnetic order with Tc ≈ 160 K.
In SrRuO3, a relatively robust moment forms despite the spacial extent of the
4d orbitals, and the spins align parallel, which is very rare, however also observed
in the cubic polymorph of BaRuO3 [105]. A combination of experimental and
theoretical studies have shown the origin of this interaction to be very strong 4d-
2p hybridization which allows a ferromagnetic direct exchange interaction between
Ru and O [114, 118].
The measured magnetic moment of SrRuO3 ranges from 1.0-1.55 µB. This
range in values reflects the sensitivity of SrRuO3 to small perturbations caused
by, for example, different sample preparation methods and hence impurities, as
well as the difficulty in obtaining magnetic saturation. The observed magnetic
moments are much lower than the calculated spin-only value (2.84 µB), which has
been shown to be associated with the large magnetocrystalline anisotropy in the
material caused by strong spin-orbit coupling [115].
The nature of the 4d-electrons and thus the magnetic interactions is contro-
versial. The difficulty in saturating the material is consistent with itinerant ferro-
magnetism. Another interesting characteristic of SrRuO3 is the sensitivity of its
properties to chemical doping. In most cases, doping on either A or B sites will
reduce, if not destroy, the FM order. This has been ascribed to the fact that the
Fermi energy (EF ) falls near a sharp increase of the density of states (DoS) [119].
Examples of the B-site doping that have been reported include SrRhxRu1−xO3
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[120], SrCuxRu1−xO3 [121], and SrMnxRu1−xO3 [122]. In all cases, a very small
substitution will reduce the transition temperature, and further substitution will
alter the interaction altogether. The aim of this work was to synthesise members
of the SrTcxRu1−xO3 series, that to our knowledge have never been made, and
assess the impact of doping between the extremes of ferromagnetic SrRuO3 and
antiferromagnetic SrTcO3.
4.4.2 Synchrotron X-ray diffraction
4.4.2.1 Room temperature
The members of the series SrTcxRu1−xO3 with x=0.25, 0.50, 0.75 were prepared
and their structures examined using SXRD. Both the SrTcO3 and SrRuO3 end-
members adopt the primitive orthorhobmbic Pnma structure at room tempera-
ture, and this model provided excellent fits to the data for the x=0.25 and 0.50
samples. However, this model did not fit the data for the SrTc0.75Ru0.25O3 sample,
and it was established that this sample was phase separated into the SrTcO3 and
SrRuO3 phases. The refinement using both of these phases is shown in Figure
4.13. The cause of this phase separation was not further investigated.
The structural refinements at room temperature of the other two samples are
shown in Figure 4.14, and the refined lattice parameters, together with the lattice
parameters of the end members are illustrated in Figure 4.15. These increase with
increasing Tc-content as expected given the small difference in ionic radii of Tc
and Ru (0.645 and 0.62 A˚). No additional superlattice reflections were observed
in the SXRD profiles, that could be indicative of ordering of the B-site cations.
Given the very small size and no charge difference between Tc and Ru, ordering is
not expected. However, given that the difference between Tc4+ and Ru4+ is only
one electron, if long range order were present, any superlattice reflections may be
too weak to be observed in SXRD data. So although it is very unlikely, SXRD
data is unable to confirm that the Tc and Ru do not order. This will be discussed
further below.
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Figure 4.13: The SXRD pattern of the attempted SrTc0.75Ru0.25O3, fitted using a
two phase model of SrTcO3 and SrRuO3, both in Pnma.
4.4.2.2 SrTc0.5Ru0.5O3 high temperature SXRD
The Pnma structure provides an acceptable fit to the data up to a temperature
of 240 °C, at which point the X- and M -point reflections are no longer observed,
indicating the loss of the in-phase tilt. This is also accompanied by a change in
the rate of thermal expansion of the a-axis. It was concluded that the structure
underwent a continuous transition to an orthorhombic Imma structure with tilt
system (a0b−b−), as was previously observed in the thermal transition sequence
of SrTcO3 and SrRuO3 [45, 123]. The data in the temperature range 240-360 °C
were well fitted by this model.
The temperature dependence of the FWHM of selected diagnostic reflections
indicate that the stucture is cubic at 650 °C, and the Pm3m model fitted the data
above this temperature. The cubic-tetragonal transition, which is allowed to be
continuous, was observed for the SrTcO3 and SrRuO3 end-members [45, 123], and
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Figure 4.14: The SXRD patterns of SrTc0.5Ru0.5O3 (upper) and SrTc0.25Ru0.75O3
(lower), both fitted in Pnma.
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Table 4.7: Refined structural parameters of SrTc0.5Ru0.5O3 and SrTc0.25Ru0.75O3
frmo SXRD data
SrTc0.5Ru0.5O3 SrTc0.25Ru0.75O3
a (A˚) 5.5849(1) 5.5778(1)
b (A˚) 7.8723(1) 7.8527(1)
c (A˚) 5.5510(1) 5.5418(1)
V (A˚3) 244.05 242.85
Sr 4c(x,1/4,z) 4c(x,1/4,z)
x -0.0015(2) -0.0020(2)
z 0.5061(7) 0.5065()
B (A˚2) 0.97(4) 1.02(2)
Tc/Ru 4a(0,0,0) 4a(0,0,0)
B (A˚2) 0.73(2) 0.88(1)
O1 4c(x,1/4,z) 4c(x,1/4,z)
x 0.5474(5) 0.5496(4)
z 0.5072(5) 0.5042(5)
B (A˚2) 0.32(6) 0.37(9)
O2 8d(x,y,z) 8d(x,y,z)
x 0.2294(6) 0.2215(9)
y 0.0282(4) 0.0303(6)
z 0.2748(6) 0.2802(9)
B (A˚2) 0.9(3) 0.7(5)
so the I4/mcm model was tested and provided a good fit to the data in the range
625-500 °C. Below 500 °C, the (444)p reflection, that is a single peak in I4/mcm,
appears to split. The Imma-I4/mcm transition is first order and so a two-phase
region would not be unexpected. The Imma+I4/mcm two phase model fit the
data in the temperature range of 380-480 °C.
4.4.2.3 SrTc0.25Ru0.75O3 high temperature SXRD
As for SrTc0.25Ru0.75O3, the Pnma space group is confirmed by the presence of
M - and X-point reflections which persist up to 280 °C. After this temperature
the structure undergoes a continuous phase transition to Imma.
The temperature dependence of the FWHM indicates that the structure is not
yet cubic at 720 °C, the highest temperature at which the data was collected. The
high temperature data have a single (444)p reflection, characteristic of tetragonal
I4/mcm, and this model fits the data well. Below 560 °C, the (444)p reflection,
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Figure 4.15: The lattice parameters from room temperature SXRD data of
SrTcxRu1−xO3 with x=0, 0.25, 0.50 and 1.0.
appears to begin to split. The Imma-I4/mcm transition is first order and a
two-phase region is found for the temperature range 520-400 °C.
4.4.2.4 Low temperature SXRD of SrRuO3, SrTc0.5Ru0.5O3 and SrTc0.25Ru0.75O3
The low temperature structural behaviour of SrTc0.5Ru0.5O3 and SrTc0.25Ru0.75O3
as well as that of the end-member SrRuO3 were investigated using SXRD. The
normalised lattice parameters and unit cell volumes are shown in Figure 4.18. In
the temperature range 100-300 K, no structural transitions occur and all samples
remain orthorhombic in Pnma.
In SrRuO3, the b and c-axes exhibit normal thermal expansion until below the
transition temperature around 165 K, below which the axes behave independently
of temperature. This is consistent with the findings of Lee et al. [124], who per-
formed a high resolution neutron powder diffraction experiment on the S-HRPD
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Figure 4.16: Lattice parameters extracted from Rietveld refinements of SXRD
data of SrTc0.5Ru0.5O3 as a function of temperature. The black, blue and red
symbols represent the a, b and c lattice parameters, respectively. Only the lattice
parameters of the dominant phase in the two phase regions are shown, for clarity.
beamline at J-PARC, Japan. Similar behaviour is found for the SrTc0.25Ru0.75O3
sample, although the effect is not as large, and occurs along both b and c-axes.
For SrTc0.5Ru0.5O3, a change in the rate of thermal expansion of the unit cell
volume occurs at around 170 K. This behaviour is highly anisotropic, and between
100-170 K, the c-axis undergoes negative thermal expansion. This change is very
slight along the b-axis, whereas the a-axis exhibits conventional thermal expansion.
4.4.3 Physical properties
The magnetic properties of the single phase SrTcxRu1−xO3 samples were investi-
gated by measuring their magnetic susceptibilities in the temperature range 2-300
K. The field-cooled (FC) and zero-field-cooled (ZFC) magnetisation curves are
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Figure 4.17: Lattice parameters extracted from Rietveld refinements of SXRD
data of SrTc0.25Ru0.75O3 as a function of temperature. The black, blue and red
symbols represent the a, b and c lattice parameters, respectively. Only the lattice
parameters of the dominant phase in the two phase regions are shown, for clarity.
shown in Figure 4.19. The FC data is collected whilst cooling the sample from
room temperature under a small field (0.1 T). The ZFC data is collected whilst
heating the sample from 2 K under a small field (0.1 T), after cooling the sample
from room temperature under zero applied field.
The behaviour of the SrRuO3 is consistent with reported measurements, and
is characteristic of ferromagnetic interactions. The FC magnetisation drastically
increases at the Curie temperature TC = 165 K. Below this temperature, thermal
motion is reduced enough for the spins to interact, and magnetic alignment begins
and increases as the temperature is reduced further, up to a saturation value.
The behaviour of the ZFC magnetisation is due to the formation of magnetic
domains. When the sample is allowed to cool without the presence of an external
field, magnetic domains form. The spins are aligned within the domains, but the
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Figure 4.18: Normalised lattice parameters (left) and unit cell volume
(right) extracted from Rietveld refinements of SXRD data of SrTc0.5Ru0.5O3,
SrTc0.25Ru0.75O3 and SrRuO3 as a function of temperature. There is no struc-
tural transition in this region, the structures all remain in Pnma.
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Figure 4.19: The left panels show the field-cooled (FC) and zero-field-cooled (ZFC)
magnetisation curves for SrTcxRu1−xO3 with x=0, 0.25, 0.50. The right panels
show the corresponding hysteresis loops at base temperature.
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domains are oriented randomly, and so the net magnetisation at base temperature
is around zero. As the sample is heated under a small field, a certain amount of
energy is required to align the domains to the field, and this occurs just before
the TC giving rise to the hump before it drops down to zero.
Similar behaviour is seen for both SrTc0.5Ru0.5O3 and SrTc0.25Ru0.75O3, how-
ever the magnitude of the magnetisation is much lower. This can either indicate
ferromagnetic interactions, or, since two metal cations are present, ferrimagnetic
interactions. A ferrimagnetic material has two magnetic sublattices (say, different
types of cation, in this case Tc and Ru) with spins aligned in opposite directions
(antiferromagnetically), and also display this FC/ZFC behaviour. The observed
hysteresis confirms the ferromagnetic/ferrimagentic nature of the samples. The
reduced magnetisation could indicate that a ferro/ferrimagnetic impurity is giving
rise to the observed behaviour.
Figure 4.20: The inverse susceptibility curves for SrTcxRu1−xO3 with x=0, 0.25,
0.50. The final panel shows a zoomed-in region of all three samples, for compari-
son.
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In order to distinguish between these interactions, the inverse susceptibility
was examined, Figure 4.20. The linear behaviour of the SrRuO3 is characteris-
tic of a ferromagnetic material, whereas the curvature concave to the tempera-
ture axis observed for SrTc0.5Ru0.5O3 is characteristic of a ferrimagnetic material
[125]. When comparing the inverse susceptibility behaviour of the three samples,
the SrTc0.25Ru0.75O3 appears to be intermediate to the two others. This will be
discussed further below.
4.4.4 Neutron powder diffraction
As discussed above, X-ray diffraction is unable to provide information on the
ordering of Ru and Tc in these samples since they are too close in electron number.
Neutron diffraction is a much more appropriate technique for two reasons. Firstly,
the neutron scattering lengths of Tc and Ru are relatively further apart (6.8 fm
and 7.03 fm, respectively), but more importantly, superlattice reflections as a
result of rock-salt type ordering would have contributions from both the nuclear
and magnetic lattices below the magnetic ordering temperature.
Figure 4.21: NPD profiles of SrTc0.5Ru0.5O3 at room temperature (left) and 4 K
(right). Arrows indicate possible positions of reflections from nuclear and mag-
netic cells if long range rock-salt like order is present. Vanadium is present in
both patterns, from the sample holder and an additional phase of Al from the
cryofurnace is included in the 4 K pattern.
The NPD patterns of SrTc0.5Ru0.5O3 at both room temperature and 4 K are
shown in Figure 4.21. The very high background and relatively poor signal to
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noise is due to the small sample size (∼50 mg). There was no evidence for any
superlattice reflections at either temperature, and the insets emphasise the absence
of intensity at the superlattice reflection positions, assuming rock-salt type order.
Data for SrTc0.25Ru0.75O3 was only collected at 4 K, and similarly did not show
any evidence for superlattice reflections (Figure 4.22).
Figure 4.22: NPD profile of SrTc0.25Ru0.75O3 at 4 K. The arrows in the inset
indicate position of reflections from nuclear and magnetic cells if rock-salt like
long range order is present. Vanadium, Al, and Ti are the additional phases
present, form the sample can, cryofurnace and sample can lid, respectively.
4.4.5 Density functional theory calculations
DFT calculations on the SrTc0.5Ru0.5O3 system were conducted, and the results
are summarised in Table 4.8. Atomic scale modelling was used to model the
expected magnetic moments that exist in both SrTcO3 and SrTc0.5Ru0.5O3. Per-
ovskite materials have been modelled successfully in the past with this method
[126].
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The VASP program [127] was used with the available projector augmented
wave type pseodopotentials that use the generalized gradient approximation ex-
change correlation. The highest number of valence electrons was used in the
available library. The orthorhombic unit cell was used to model the system con-
taining 4 formula units of SrBO3 (20 lattice sites). A 5x4x3 γ-centered k-point
grid was used for all calculations. The cells were relaxed at constant pressure,
allowing the lattice parameters, lattice angles and atomic positions to vary. A
Gaussian type smearing was used with a smearing width of 0.05 eV. The mag-
netic moments were initially set for some systems, while others were either not
defined or non-spin-polarized calculations carried out (to compare stabilities of
each arrangement).
The magnetic ordering in SrTcO3 was initially modelled and compared to ex-
perimental observations as a way of validating the method. SrTcO3 was modelled
in the expected G-type anti-ferromagnetic ordering, A-type anti-ferromagnetic
ordering, C-type anti-ferromagnetic ordering, ferromagnetic and non-magnetic
states (paramagnetism cannot be simulated in these static-type calculations). The
calculations agree with the experimental observations and give the lowest energy
arrangement to be G-type antiferromagnetic ordering. The magnetic moment on
each Tc is slightly under-calculated, which is normal for the methodology used.
The significant penalty for the material to become non-magnetic mirrors the Ne´el
temperature of the material (observed to be ∼750 °C).
In a similar manner to SrTcO3, a number of different arrangements, atomic
and magnetic, were simulated for the SrTc0.5Ru0.5O3 system. In these calculations
the ordering between the Ru and Tc cations was described in the same manner
as the magnetic ordering in the previous section: the A-type ordering producing
planes of Tc and Ru through the material. Each arrangement is simulated as
ferromagnetic, antiferromagnetic and non-magnetic. The symmetry of the G-type
and A-type atomic ordering is P21/c while the C-type ordering has the P21/m
symmetry. It is clear that a more complicated or random arrangement of Tc
and Ru is possible within the material, however, consideration of the single unit
cell proves satisfactory in demonstrating the experimentally observed change in
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magnetic behaviour of the system when Ru replaces half of the Tc species. Table
4.8 reports the energies of the arrangements relative to the ferromagnetic G-type
atomic arrangement of SrTc0.5Ru0.5O3 as well as the predicted magnetic moments
on the Ru and Tc species.
Table 4.8: Relative energies of SrTc0.5Ru0.5O3 in various magnetic and atomic
arrangements. *Magnetic structure relaxed to non-magnetic state. ** Magnetic
structure relaxed to ferromagnetic state.
Ordering type δE (eV) Tc magnetic moment (µB) Ru magnetic moment (µB)
G-type FM 0.0 1.42 -0.65
A-type FM * * *
C-type FM 0.04 1.61 -0.86
G-type AFM 0.02 1.22/-1.22 0.65/-0.65
A-type AFM 0.02 1.59/-1.59 0.80/-0.80
C-type AFM ** * *
G-type NM 0.10 - -
A-type NM 0.14 - -
C-type NM 0.11 - -
Table /refDFT shows that the energies of the four magnetic states are similar
and significantly lower than that of the three non-magnetic states. The energy of
the G-type ferromagnetic state is the lowest. In this arrangement, the spins on
the Ru and Tc are aligned anti-parallel to each other, and therefore the magnetic
ordering is better described as ferrimagnetic. The overall spontaneous magnetic
moment on the Ru/Tc sublattice is 0.77µB. As with SrTcO3, this number can be
considered an underestimate.
4.4.6 X-ray absorption near-edge spectroscopy
The Ru and Tc K-edge XANES spectra for SrTc0.25Ru0.75O3 were collected, and
the maximum peak of the derivative of the normalised spectra are shown in Figure
4.23. The K-edge predominantly corresponds to the transition of 1s electrons
into empty 5p states, and a strong correlation between edge position and formal
oxidation state has been established for both Tc [108, 109, 110] and Ru [128].
The oxidation state of Tc in SrTcO3 and Ru in SrRuO3 has been shown to
be 4+ [111, 129], and so these were used as standards for each measurement.
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Figure 4.23: First derivative of the normalised Tc (left) and Ru (right) K-edge
absorption spectra of SrTc0.25Ru0.75O3.
Both measurements are consistent with each other, showing no energy shift and
demonstrating that Tc and Ru are tetravalent, as expected. Unfortunately, there
was not enough SrTc0.5Ru0.5O3 sample to use for this measurement, however it is
reasonable to assume that the Tc and Ru would also be tetravalent in that sample.
4.4.7 Discussion
The ambient temperature structures of the two mixed Ru/Tc samples are very
similar. The M -O bond distances and angles estimated from the Rietveld re-
finements are given in Table 4.24. The structures behave very similarly at high
temperatures, undergoing the same sequence of transitions observed in the two
end-members. The similarities in the transition temperatures is a reflection of the
very similar tolerance factors, due to the small size difference between the Ru4+
and Tc4+ ions.
The magnetic susceptibility data for SrTc0.5Ru0.5O3 show a magnetic ordering
temperature of 165 K. The magnetisation behaves as it would for a ferro- or
ferrimagnetic material, the shape of χ−1 Vs T plot indicating that it is the latter.
The effective magnetic moments estimated from analysis of the high tempera-
ture susceptibilities are listed in Table 4.24. The paramagnetic (PM) region of the
inverse susceptibility curves for SrTc0.25Ru0.75O3 and SrRuO3 display Curie-Weiss
like behaviour, χ(T ) = C
(T−θ) and so the Curie constant, C, and Weiss constant
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Table 4.9: Refined bond angles and distances of SrTc0.5Ru0.5O3 and
SrTc0.25Ru0.75O3 from SXRD data. Values of SrTcO3 and SrRuO3 obtained from
literature[45, 105]. The effective moments were calculated using the Curie con-
stant µeff =
√
3∗KBC
N
.
SrTcO3 SrTc0.5Ru0.5O3 SrTc0.25Ru0.75O3 SrRuO3
Ru/Tc-O1(2) (A˚) 1.967(12) 1.976(4) 1.988(6) 1.986(7)
2.007(12) 2.002(4) 1.998(6) 1.988(6)
Ru/Tc-O2 (A˚) 1.974(2) 1.9858(5) 1.9837(6) 1.9842(7)
M-O-M (°) 167.4 164.2(1) 162.4(2) 163.6
C 0.184 0.274 0.998
bθ 122.5 182.9 163.5
µeff (µB) 1.23 1.49 2.83
θ were obtained by fitting the PM region. Although the inverse susceptibility
for SrTc0.5Ru0.5O3 does not obey Curie-Weiss behaviour, the analysis was per-
formed using the high temperature region. The estimated magnetic moment for
SrTc0.5Ru0.5O3 is much lower than the expected spin-only value for ferromagnetic
Ru4+ (2.82µB), indicating that the interaction is not purely ferromagnetic. The
low moment is consistent with ferrimagnetism, however since the paramagnetic
region does not follow Curie-Weiss behaviour, we are unable to use the Weiss
constant to confirm ferrimagnetic interactions which are anitferromagnetic.
The possibility of a small magnetic impurity, such as SrRuO3, giving rise to
the magnetic behaviour was considered. This appears unlikely since the SXRD
indicates the samples to be single phase. As illustrated by SrTc0.75Ru0.25O3, the
current SXRD data is of sufficient resolution to detect phase separation. Further
evidence against this scenario is the low temperature SXRD data. The change
in rate of thermal expansion in SrTc0.5Ru0.5O3 coincides with the onset of mag-
netisation. This demonstrates that the magnetic order is occurring throughout
the bulk of the sample, and through spin-lattice coupling impacts on the aver-
age structure. This relationship between the structure and magnetism is known
as magnetostriction [47]. The effect is caused by the anisotropic nature of the
magnetic order, which re-distributes electron density such that the thermal con-
traction along a particular direction is suppressed. In the case of SrTc0.5Ru0.5O3,
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this effect increases with increasing magnetisation as the temperature decreases,
and it eventually overcomes the opposing effect of lattice contraction along the
c-axis giving rise to the apparent negative thermal expansion.
Similar behaviour has been observed previously for SrRuO3 [130, 131, 107,
124], and was replicated in this work. Note that reanalysis of the published data
[45] shows no evidence of any anomaly in either the lattice parameters or bond
distances or angles in SrTcO3. The Rietveld refinements provide information on
the coordination of the cations and in Figure 4.24 the bond distances and angles
have been plotted as a function of temperature. Since these were extracted from
refinements of the SXRD data, it is expected that their accuracy will be less than
that obtained in the recent high resolution neutron powder diffraction study of
SrRuO3 [124]. Nevertheless, Figure 4.24 reveals systematic changes similar to that
seen in the NPD study.
Examination of the temperature dependence of the various M -O distances and
angles in SrRuO3 show that the M -O2-M angle increases regularly with increasing
temperature, consistent with the tendency to higher symmetry. However, the M -
O1-M angle appears to be temperature independent below the magnetic transition
temperature and the M -O2 bond distance contracts with increasing temperature
below this temperature. The two crystallographically distinct equatorial bond
distances, M -O1, behave in an anomalous way, the longer one contracting and
the shorter one expanding with increasing temperature below TC . These trends
are consistent with those observed in the NPD study, however they are somewhat
exaggerated in the SXRD data. The same trends occur in SrTc0.25Ru0.75O3, for
the M -O distances and angles, suggesting similar coupling between the spin and
lattice.
The behaviour in SrTc0.5Ru0.5O3 is however clearly different. While the M -O1-
M bond angle increases, approaching 180° with increasing temperature, the M -
O2-M angle decreases with temperature, below the Curie temperature. Likewise,
the M -O2 bond distance increases with temperature in a regular fashion, but
the M -O1 distance does not. Evidently the spin-lattice coupling is significantly
different in SrTc0.5Ru0.5O3 than in SrRuO3. The O2 atoms lie along the b-axis,
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Figure 4.24: Temperature dependence of the M -O bond distances and angles for
SrTcxRu1−xO3, x=0, 0.25, 0.5, estimated from SXRD data.
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shown in Figure 4.25, and do not impact the c-axis at all. This demonstrates the
link between the lattice and distortion of the BO6 polyhedra and suggests why
the anomaly in the M -O2 behaviour is seen for SrTc0.25Ru0.75O3 and SrRuO3,
in which magnetostriction is observed along both the b and c axes, and not in
SrTc0.5Ru0.5O3 where the anomaly is observed along the c-axis. The equatorial
O1 atoms lie in the ac-plane, and exhibit the same behaviour for SrTc0.5Ru0.5O3
as the other two samples, the longer one contracting with temperature below TC .
The O1 atoms lie in the ac-plane, so it can be rationalised that the effect is seen
in this direction for all these samples. The deviation from the rigidity of the
octahedra is an interesting aspect of these perovskites, and is no doubt linked to
the magnetism [124].
Figure 4.25: Structure of SrTc0.5Ru0.5O3.
Given that there is no reason to suspect B-site ordering, nor was any evidence
found for such ordering in the SXRD or NPD data, the question is how is the ma-
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terial ferrimagnetically ordered in the absence of cation order? Disorder of the Ru
and Tc cations would result in a complex series of interactions that are expected
to result in a spin-glass material [132, 60]. However there is evidence in related
systems that this realisation is not always met, and that complex magnetism can
arise in the absence of long range cation order. Indeed, ferrimagnetism/AFM is
observed in Sr1−xCaxMn0.5Ru0.5O3 [133], CaRu1−xMnxO3 [134], SrRu0.6Cr0.4O3
[135] and CaRu1−xFexO3 [136, 137] that evidently lack long range cation order.
The nature of this magnetism will be discussed below.
Unlike SrTc0.5Ru0.5O3, the shape of the SrTc0.25Ru0.75O3 inverse susceptibility
curve does not indicate ferrimagnetic ordering, however close examination showed
that the slope of the curve is intermediate to that of SrRuO3 and SrTc0.5Ru0.5O3.
Furthermore, the calculated effective moment (1.49 µB) is much smaller than that
expected for ferromagnetic Ru4+ (2.82 µB), suggesting that the magnetism is not
purely ferromagnetic.
The possibility that phase separated SrRuO3 present in the sample is producing
the magnetic signal is again made unlikely by the SXRD results. Firstly, phase
separation would be detected, as demonstrated by the SrTc0.25Ru0.75O3 sample,
and although the effect is not large, a small magnetostriction effect can be seen in
the low temperature data. The effect on the volume (specifically along the b and
c-axes) coincides with the onset of magnetism, proving that the signal is due to
the bulk of the sample.
In evaluating how the magnetic properties manifest in these samples, it is
crucial to recognise that the only type of cation ordering that the techniques used
are sensitive to is three dimensional long range order. Since the result suggests a
degree of cation ordering may be present it is necessary to consider how this may
arise.
Despite the lack of long range cation order, the individual spins could still
be ordered such that the spins on every combination of cations interact anti-
ferromagnetically. This is thought to be the case for SrRu0.6Cr0.4O3 [135] and
Sr1−xCaxMn0.5Ru0.5O3 [133]. However, in both these examples, additional mag-
netic peaks were observed in the NPD data.
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Another scenario, that has been reported multiple times in the literature, is
the formation of an inhomogenous mixture of FM and AFM states [138, 139,
140]. This model is thought to be appropriate for SrTc0.25Ru0.75O3. The ratio
of Tc to Ru precludes the option of local rock-salt like ferrimagnetic order, and
given the tendency for electron delocalisation (metallic bonding) suggests it is
likely that regions of high Ru-content are present. These regions would have
ferromagnetic order, contributing to the larger effective moment calculated from
the inverse susceptibility. The other regions containing both Ru and Tc, would
be ferrimagnetic with the spins on Ru and Tc interacting antiferromagnetically
through magnetic superexchange. Since the TC for SrRuO3 is about the same as
it is for SrTc0.5Ru0.5O3, the presence of both of these regions on the local scale
would not produce two different ordering peaks. Indeed, the ZFC peak is rather
broad, consistent with this model.
Conversely, SrTc0.5Ru0.5O3 has an equal proportion of Tc and Ru cations, and
so a situation in which there is local cation ordering is more reasonable. Cations
could be locally ordered, the dominant interaction being AFM superexchange be-
tween the Tc and Ru, resulting in bulk ferrimagnetism. This is strongly supported
by the large magnetostriction observed along the c-axis, and is thought to be the
case in similar systems CaRu1−xFexO3 [136, 137] and CaRu1−xMnxO3 [134]. Al-
though we cannot preclude the possibility of FM/AFM domains in both samples,
the inverse susceptibility and DFT calculations are consistent with ferrimagnetic
interactions in SrTc0.5Ru0.5O3. Further property measurements will be required
to confirm this.
4.5 Other Tc-containing oxides
4.5.1 TcO2
4.5.1.1 Background
Many metal dioxides adopt variants of the TiO2 rutile structure, which consists of
edge-sharing chains of TiO6 octahedra, in space group P42/mnm (Figure 4.26).
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A number of transition metal dioxides form distorted rutile structures, such as
tetragonal I41/a or monoclinic P21/c. NbO2 adopts the former structure, VO2,
MoO2 and WO2 adopt the monoclinic structure, shown in Figure 4.26. The un-
paired valence electrons result in the possibility for M−M bonding, which causes
the structure to distort in such a way that the cations along the edge-sharing
chains move closer and further away, in an alternating fashion, resulting in M2O12
edge sharing dimers. VO2 tranforms to the tetragonal structure above 340 K. This
structural transition is driven by the breaking of the V-V bond [141].
Figure 4.26: The left figure shows two unit cells of the rutile structure, the right
shows the monoclinic distorted variant adopted by TcO2. Blue and red spheres
represent metal cations and oxygens, respectively.
The MO2 structure formed is related to the d-shell occupancy of the transition
metal. The nature of this relationship has been investigated, resulting in a number
of theories [142, 143]. The length of the M − M bond is an indication of the
strength of the bond, and since these bonds lie along the c-axis, the c/a ratio is
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directly proportional to this. Rogers [143] predicted that the c/a ratio of TcO2,
thought to be monoclinic, would be smaller than that of MoO2 and WO2 due to
a stronger M −M bond. A recent study [30] has shown that this is not the case,
the c/a ratio is intermediate to the other oxides and the Tc-Tc bond is weaker
than suggested. In this work, the structure of TcO2 was determined using neutron
diffraction in the range 15-300 K.
The high temperature behaviour of TcO2 to our knowledge, has never been
reported. TcO2 is the precursor of the reactions described in this chapter, so for
this reason, as well as from a fundamental perspective, it is interesting to study.
This section describes the investigation of the high temperature behaviour of TcO2
using SXRD and NPD.
4.5.1.2 Room temperature structure
The room temperature SXRD and NPD patterns of TcO2 are shown in Figure
4.29. The monoclinic P21/c model described by Rodriguez et al. [30] produced
acceptable fits to both data, and the refined parameters are given in Table 4.10.
The SXRD data provides more accurate information on the lattice parameters and
cation position, but due to the relatively large electron count of Tc, compared to
oxygen, neutrons give much more accurate information on the oxygen positions.
Since it was not feasible to collect data sets for both samples at identical temper-
atures, the unit cell and Tc position were determined from the SXRD refinement,
and oxygen positions were determined from the NPD refinement.
The refined structure is in good agreement with that reported by Rodriguez et
al. [30] who found the lattice parameters a=5.6891(1), b=4.7546(1), c=5.5195(1)
A˚ and β=121.453(1)°. The short Tc-Tc bond distance, 2.614(5) A˚, and the average
Tc-O1 and Tc-O2 distances, 1.996(6) A˚ and 1.960(6) A˚, respectively, are also in
good agreement with the literature (Tc-Tc=2.622(1) A˚, <Tc-O1> =1.998(2) A˚
<Tc-O2> =1.965(2) A˚).
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Figure 4.27: Rietveld refinements of SXRD (left) and NPD (right) data of TcO2
at room temperature. Fitted in space group P21/c.
Table 4.10: Refined structural parameters of TcO2 from a combination of SXRD
and NPD data at room temperature.
TcO2
a (A˚) 5.6916(3)
b (A˚) 4.7622(2)
c (A˚) 5.5226(13)
β (°) 121.5447(4)
V (A˚3) 127.57(2)
Tc 4e(x,y,z)
x 0.2628(1)
y 1.0049(4)
z -0.0156(1)
B (A˚2) 0.33(4)
O1 4e(x,y,z)
x 0.111(1)
y 0.188(1)
z 0.199(1)
B (A˚2) 0.08(5)
O2 4e(x,y,z)
x 0.394(1)
y 0.708(1)
z 0.273(1)
B (A˚2) 0.06(7)
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4.5.1.3 High temperature synchrotron X-ray and neutron powder diffraction
The high temperature behaviour of TcO2 was investigated using SXRD and NPD.
The refined parameters were obtained from the appropriate data, as described
above, and their temperature dependence is shown in Figure 4.28.
Figure 4.28: Temperature dependance of the lattice parameters(left), unit cell
volume and monoclinic angle(right) extracted from Rietveld refinements of SXRD
data of TcO2. The thermal expansion of the unit cell volume was fitted to a
polynomial function and this shows significant deviation at high temperatures.
The diffraction data demonstrate the TcO2 displays conventional thermal ex-
pansion of the c-axis over the whole temperature range studied (25-1000 °C).
Whilst positive thermal expansion of the a and b axes is observed below 600 °C,
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above this temperature the b axis length stops expanding and begins to contract.
At the same time the rate of thermal expansion of the a-axis increases. The mon-
oclinic angle behaves in the opposite manner to the b-axis, decreasing until 600
°C, where it begins to increase.
Despite these abnormalties, there is no evidence for a structural transition,
and the P21/c model fits the data up to 1000 °C. The unit cell volume expands
in a regular fashion over this temperature range. Figure shows the NPD pattern
at 900 °C fitted in P21/c.
Figure 4.29: Rietveld refinement of NPD data of TcO2 at 900 °C. Fitted in space
group P21/c, χ
2 = 1.38.
4.5.1.4 X-ray absorption near-edge spectroscopy
The Tc K-edge XANES for TcO2 was measured, and the normalised spectrum
is shown in Figure 4.30. The spectrum of the perovskite SrTcO3 is also shown,
in which Tc exists in a tetravalent state in an octahedral environment. There
are significant differences in the lineshape of the two spectra. The energy of
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the absorption edge is consistent with Tc4+ and the line-shape is consistent with
previous reports [110]. The difference in the structures of the XANES spectrum
from the SrTcO3 reflects the distortion in the octahedra as a result of the Tc-Tc
pairing.
Figure 4.30: Normalised Tc K-edge absorption spectra of TcO2, and SrTcO3. The
similarity in the edge position demonstrate the presence of Tc4+ in both oxides.
4.5.1.5 Discussion
The room temperature structure of the transition metal dioxide TcO2, when in-
vestigated by Rodriguez et al. [30] was reported to have a Tc-Tc interaction that
deviated significantly from that predicted by Rogers [143]. Based on a study of
other transition-metal dioxides, Rogers predicted that the Tc-Tc bond would be
of around order 2. The bond distance determined by NPD, as well as the DFT
calculation results, indicate that it is a single bond. This structure behaves in
an interesting way upon heating, and the temperature dependence of the Tc-Tc
bond distance is shown in Figure 4.31.
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Figure 4.31: Temperature dependance of the normalised lattice parameters(upper
left), Tc-Tc bond distance (lower left) and c/a = a/(b + csinβ) (upper right)
extracted from Rietveld refinements of SXRD data of TcO2. A Tc-Tc dimer
unit is shown, with Tc in purple at the center of the octahedra, and O1 and
O2 atoms shown as grey and black spheres, respectively. The line fitted to the
lower temperature Tc-Tc distances demonstrates the deviation from this linear
behaviour above 600 °C.
The Tc-Tc bond expands at a constant rate up to 600 °C at which point the
rate of increase begins to increase. The bond distance at 1000 °C is approximately
3% larger than the value estimated from the low temperature linear fit. The
behaviour of the a-axis mimics that of the Tc-Tc bond distance, as the bond lies
along this direction (see Figure 4.31). The onset of the weakening of the Tc-Tc
bond coincides with the other structural changes, and is presumably the cause
of these. The behaviour of the c/a ratio below 600 °C can be explained by the
decreasing β, and above this temperature by the increase of a and decrease of b.
The behaviour of the b-axis and the β angle are not so easily understood, they
appear to behave in the opposite way. This can be explained in terms of volume
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expansion, which increases at a constant rate, and so the behaviour of the b-axis
and β angle is a response to the expansion of the a-axis. Figure 4.31 shows the
normalised lattice parameters (to the room temperature a-axis), in which it is
clear that the b-axis contraction is of a similar magnitude to the expansion of the
a-axis.
Figure 4.32: Temperature dependence of the calculated BVS (left) and Tc-O bond
distances (right) extracted from Rietveld refinements of NPD data of TcO2. The
blue and red symbols correspond to the Tc-O1 and Tc-O2 distances, respectively.
The Tc-O bond distances are shown as a function of temperature in Figure
4.32. Up to 400 °C, the bond distances remain within a relatively small range.
However, from 400 to 800 °C, some increase and some decrease relatively quickly,
resulting in a large range and highly distorted octahedra. This behaviour is re-
flected in the BVS, calculated from NPD, also shown in Figure 4.32. The BVS
indicates that at room temperature the Tc is slightly over-bonded. The BVS
gradually decreases towards the ideal value of 4 with increasing temperature until
600 °C, as expected from the use of the room temperature value for Ro in the high
temperature data. However, the BVS sharply increases at 700 and 800 °C, reflect-
ing the sharp contraction of some of the Tc-O distances. This coincides with the
temperature at which the Tc-Tc bond begins to weaken. Clearly, the distortion
of the octahedra is a response to the expansion of the Tc-Tc bond distance.
The observed thermal behaviour of TcO2 is inconsistent with the explanations
given in the literature. The M -M bond distance in TcO2 is longer than in MoO2
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(2.508 A˚) or WO2 (2.496 A˚) [144] despite the extra d-electron being expected to
strengthen the M -M interaction [143]. According to Rodriguez et al., the extra
d electron increases crystal field stabilisation of Tc, creating more regular TcO6
octahedra which weakens the M -M interaction. These results show that upon
heating, the Tc-Tc bond is weakening, resulting in the octahedra becoming less
regular. The observations are consistent with the treatment of Goodenough [142]
and Almahamid et al. [108], and are depicted in the energy-level diagrams in
Figure 4.33. Going from one (a) to two (b) d-electrons, as is the case from Nb to
Mo, results in a partial occupancy of the M -M pi bonding orbital, resulting in a
strengthening, and consequent contraction, of the M -M bond, from 2.74 A˚to 2.51
A˚ [144]. The addition of an extra electron for Tc d3 results in partial filling of the
σ∗ levels, which weakens the Tc-Tc bond and results in a slight increase in bond
length. Since the TcO2 polyhedra is not strictly octahedral the degeneracy of the
t2g orbitals is partially lifted and this will impact on the M −M bond strength.
In light of the drastic changes in the Tc-Tc distance, the stability of the mon-
oclinic structure is somewhat surprising. The stability of the distorted structure
is thought to be dependant on the M -M interaction, and so it is expected that
the structure would transition to the tetragonal form upon significant weakening
of this bond. Indeed, this is the case for isostructural VO2, that undergoes a
transition from monoclinic to tetragonal at 340 K [142] upon the breaking of the
V-V bond. There is, however, evidence that a transition is about to take place,
notably in the anomolous behaviour of the BVS and Tc-O distances for the 900
°C data. This may indicate that the structure is on the verge of a first order
transition, and some bonds are broken and the M -M cation pairs separate in a
disordered manner. For a strictly first order transition a degree of pre-organisation
is unexpected, nevertheless there are a number of examples where this is the case
[145].
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Figure 4.33: Energy-level diagram showing M -M bonding appropriate for MO2
oxides with (a) d1 and (b) d2 - d4 M.
4.5.2 NH4TcO4
4.5.2.1 Background
Ammonium pertechnate is the precursor of the TcO2 used in the reactions de-
scribed in this chapter. This, as well as the usual expansion properties seen in
TcO2, prompted investigation of this material. NH4TcO4 is a salt that, like its
rhenium analogue, crystallises with the scheelite structure [146] ABO4. It has
tetragonal symmetry, belonging to space group I41/d, the unit cell is shown in
Figure 4.34. The ammonium A-site is hydrogen-bonded to the oxygen anions.
4.5. Other Tc-containing oxides 131
Figure 4.34: Representations of NH4TcO4, adopting the scheelite structure in
space group I41/d. Red and orange spheres represent oxygen and hydrogen, re-
spectively and nitrogen and technetium are in the centre of the green and blue
tetrahedra, respectively.
A study on the thermal expansion behaviour of zircon and scheelite struc-
tures revealed a strong dependance on the valence of the A-cation, such that
larger expansion was observed for lower valence A-cations. In the pertechnate
and perrhenate, the A and B cations are 1+ and 7+, respectively [146] and subse-
quent work revealed that they both exhibit large and unusual thermal expansion
[147, 28].
The perrhenate exhibits large negative expansion of the a-axis, large positive
expansion of the c-axis and an almost temperature independent unit cell volume
in the range 145-370 K [147]. The isostructural potassium, sodium and silver
analogues expand in a regular manner, and so the abnormalty is thought to be
associated with the ammonium ion [148].
The structure of pertechnate has been studied in the temperature region 140-
300 K [28]. The lattice parameters exhibit similar thermal expansion behaviour
as the perrhenate at low temperatures. Above 180 K the behaviour reverses, and
the c-axis expands while the a-axis contracts at a much slower rate. In this work,
the temperature dependence of the structure of NH4TcO4 was examined using
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synchrotron XRD over a larger temperature range than previously examined.
4.5.2.2 Results and discussion
The tetragonal I41/d model provided a good fit to the room temperature SXRD
data for NH4TcO4, shown in Figure 4.35. The refinement parameters are shown in
Table 4.11 and are in good agreement with the literature (a=5.775(2), c=13.252(5)
A˚)[28]. The ammonium ion consists of N coordinated tetrahedrally by four hy-
drogen. The large B- value for hydrogen (4.55 A˚2) reflects the thermal motion
associated with this atom at room temperature, as well as the relative insensi-
tivity of the data to the hydrogen. Unfortunately due to the electron count of
hydrogen relative to Tc, refinement of the position of the hydrogen atoms for the
variable temperature data resulted in chemically unresonable values, and so these
were kept constant for the variable temperature refinements. Neutron diffraction
would assist but this would require deuteration of the sample.
Figure 4.35: Rietveld refinement of SXRD data of NH4TcO4 at room temperature,
fitted in space group I41/d.
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Table 4.11: Refined parameters of NH4TcO4 from SXRD data at room tempera-
ture.
NH4TcO4
a (A˚) 5.79168(5)
c (A˚) 13.3026(1)
Tc 2b(0,1/4,1/8)
B (A˚2) 1.62(1)
N 2b(0,1/4,5/8)
B (A˚2) 2.44(7)
O 2b(x,y,z)
x 0.0958(1)
y 0.4727(3)
z 0.1993(1)
B (A˚2) 2.78(7)
H 2b(x,y,z)
x 0.0728(1)
y 0.187(3)
z 0.589(1)
B (A˚2) 4.55(5)
The Tc K-edge XANES spectra (Figure 4.36) was measured for NH4TcO4,
and is consistent with the literature [149, 111]. The main peak corresponds to
the dipole allowed transition of 1s electrons into empty 5p states. The intense
peak at lower energies (∼ 21050 eV) is the pre-edge feature which is assigned to
the forbidden ls → 4d transition which becomes more allowed in the tetrahedral
TcO−4 species due to hybridization of metal 4d and 5p states [110, 111].
Two separate SXRD experiments were performed for NH4TcO4, one at low
(100-300 K) and one at high (above room temperature) temperatures. The high
temperature experiment was conducted with increasing temperatures until the
sample decomposed at ∼260 °C. The data were obtained using the same energy,
and the room temperature data points from both experiments match well, indi-
cating that it is possible to merge the data from the two experiments. Selected
patterns are shown in Figure 4.37, which emphasise the extent of the anisotropy
of the thermal expansion. The peaks move at vastly different rates, and the (220)
peak of planes perpendicular to the c-axis shift to higher angles with increasing
temperature, corresponding to a contraction. This reflects the small contraction
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Figure 4.36: Normalised Tc K-edge absorption spectra of NH4TcO4.
along the a-axis.
The data from the refinements of both experiments are shown in Figure 4.38,
there was no evidence for any structural transition in the measured temperature
range, and all patterns were fitted with the I41/d model.
While the unit cell volume increases almost linearly, the expansion of both
the a and c-axes is very unusual. In the temperature range 100-150 K, the a-axis
expands and the c-axis contracts at almost the same rate, this is consistent with
previous work [28]. Above this temperature, the a-axis is almost temperature
dependant, and experiences a small thermal contraction between 300-400 K. The
c-axis displays large positive thermal expansion above 150 K. The coefficients of
thermal expansion along the a and c-axes are given in Figure 4.38. In comparison
with NH4ReO4, they are about three times smaller along the c-axis and ten times
smaller along the a-axis, the values for NH4ReO4 are 39 ×10−5 and 18 ×10−5 K−1,
respectively.
Figure 4.39 shows the lattice parameters of NH4TcO4 and NH4ReO4, nor-
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Figure 4.37: SXRD patterns of NH4TcO4 from 300-500 K.
malised to the room temperature values of a, and the low temperature values of
a, respectively. Above 300 °C, the lattice parameters of the pertechnate behave in
the same manner as the perrhenate lattice parameters, except the a-axis contrac-
tion is not as large. Considering the order of cations along each axis may provide
an explanation to the difference in behaviour. Along the c-axis are A-A-B-B-A-A
zigzag chains and along the a-axis there are A-B-A-B zigzag chains. Since the
negative thermal expansion in a for the rhenium sample only occurs with the am-
monium ion, and the a-axis contains chains of alternating NH+4 and TcO
−
4 groups,
it is possible that the hydrogen bonding between these ions is playing a role in
the observed behaviour. Neutron diffraction could verify this.
The temperature dependence of the Tc-O bond distance and O-Tc-O bond
angles are shown in Figure 4.40. Surprisingly, the Tc-O bond distance is constant
between 100 and 400 K then decreases in length with increasing temperature above
400 K. The bond angles appear to behave in a very strange way, but reflect the
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Figure 4.38: Temperature dependance of the a-axis, c-axis and unit cell volume
of NH4TcO4 from SXRD data. The table shows thermal expansion coefficients
αa, αc over given temperature regions. Polynomial function a0 + a1x+ a2x
2 fitted
to the unit cell volume and c-axis data.
Figure 4.39: Temperature dependance of normalised lattice parameters of
NH4TcO4 (left) and NH4ReO4(right) using values obtained from the literature
[150]. The blue triangles and black squares represent the c and a- axes, respec-
tively.
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Figure 4.40: Temperature dependance of the Tc-O bond distance and O-Tc-O
bond angles of NH4TcO4 from SXRD data, the error bars are smaller than the
symbols.
desire of the oxygens to avoid each other due to electrostatic replusion. Initially
they approach regular tetrahedra upon heating, but then around 300 K diverge.
The red circles represent the bond angles with oxygens that have the O-O bond
perpendicular to the c-axis. As that angle gets smaller, the tetrahedra lengthen
in the c-direction, however we observe exactly the opposite behaviour in the lat-
tice parameters. The explanation for this could be again in the O-H bonds. If
the change in the O-Tc-O bond results in a change in the O-H distance, the ions
may move in order to maintain the ideal distance, resulting in the observed lattice
expansion behaviour. The NH+4 cation is clearly involved in the observed thermal
expansion behaviour, however in order to establish its exact role, neutron diffrac-
tion studies of deuterated samples of the pertechnate, as well as other ATcO4
oxides is required.
4.6 Conclusions
The BaxSr1−xTcO3 x= 0.1, 0.2, 0.3, 0.4 series has been synthesised for the first
time, and the maximum amount of Ba that could be substituted for Sr at ambi-
ent pressure was identified as 40%. The thermal behaviour of these oxides was
investigated using SXRD, and the same sequence of phase transitions that the Sr
end-member undergoes was observed. The high temperature experiment revealed
4.6. Conclusions 138
that each sample contained two separate phases, one Sr-rich and one Ba-rich,
relative to the ideal composition. Attempts to synthesise large scale samples of
Ba0.3Sr0.7TcO3 and Ba0.4Sr0.6TcO3 for NPD were unsuccessful. The evolution of
the magnetic structure was investigated for Ba0.1Sr0.9TcO3 and Ba0.2Sr0.8TcO3 us-
ing NPD, both samples were found to possess G-type AFM, with TN 714 °C and
702 °C, respectively. This result was inconsistent with the literature predicting
the Ne´el temperature to increase with Ba content [100, 104, 101].
The behaviour of TN with change in A-site cation from Ca to Sr to Ba appears
to be the same for ATcO3, AMnO3 and ARuO3. A sharp increase in TN occurs
when substituting Ca for Sr in all cases. This can be explained by structural
changes caused by the larger ionic radius of Sr, this increases the M -O-M bond
angle, strengthening the superexchange interaction. Instead of the addition of
larger Ba further increasing the magnetic ordering temperature, the opposite effect
is observed. Introducing the more ionic Ba2+, relative to Sr2+, results in less
competition for the O p orbital electrons with concurrent increase in the covalency
of the M -O bond. This broadens the 4d bandwidth and decreases the ordering
temperature.
For the first time, members of the series SrTcxRu1−xO3 with x = 0.25, 0.5, were
successfully synthesised. The thermal behaviour of these samples was investigated
using variable temperature SXRD. Both samples undergo the same structural
phase transitions upon heating as both end-members. The low temperature be-
haviour of the samples as well as SrRuO3, for comparison, was studied. The same
magnetostriction along the b and c-axes of the SrRuO3 below 160 K is observed
for SrTc0.25Ru0.75O3, although the effect is not as dramatic. For SrTc0.5Ru0.5O3
a large magnetostriction is observed mainly along the c-axis. Physical property
measurements were obtained for all samples, and the magnetisation curves all
indicated a magnetic transition at around 160 K. The shape of the inverse suscep-
tibility of SrTc0.5Ru0.5O3 is characteristic of ferrimagnetic interactions. An X-ray
absorption spectroscopy (XANES) experiment on both the Tc and Ru K-edges
confirmed the tetravalent oxidation state of both Tc and Ru.
The presence of ferrimagnetic interactions suggested some level of cation order
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and in order to probe for this, neutron diffraction was carried out for SrTc0.5Ru0.5O3
above (300 K) and below the ordering temperature(4 K), and for SrTc0.25Ru0.75O3
at 4 K, on the high-intensity powder diffractometer, Wombat at ANSTO. There
were no additional reflections indicative of long range cation order. A mixture of
an inhomogenous mixture of FM and AFM states is thought to be appropriate
to describe the magnetic order in SrTc0.25Ru0.75O3. The ratio of Tc to Ru pre-
cludes the option of local rock-salt like ferrimagnetic order, and given the tendency
for electron delocalisation (metallic bonding) suggests it is likely that regions of
high Ru-content are present. This is supported by the intermediate behaviour
of the inverse susceptibility, to SrTc0.5Ru0.5O3 and SrRuO3. On the other hand,
SrTc0.5Ru0.5O3 has an equal proportion of Tc and Ru cations, and so a situation
in which there is local cation ordering is more reasonable. Cations could be lo-
cally ordered, the dominant interaction being AFM superexchange between the
Tc and Ru, resulting in bulk ferrimagnetism. This is strongly supported by the
large magnetostriction observed along the c-axis.
The high temperature behaviour of TcO2 was studied for the first time using
SXRD and NPD, carried out at the Australian synchrotron and on Echidna at
ANSTO, respectively. The Tc-Tc distance is observed to rapidly expand above
600 °C, a result of the weakening of the bond. This is accompanied by other
structural changes, such as expansion of the a-axis, contraction of the b-axis, and
distortion of the TcO6 octahedra with increasing temperature. The observed ther-
mal behaviour of TcO2 is described in the context of the literature. The structure
remains monoclinic up to 1000 °C, which is surprising given the structural changes
observed, however there is evidence that a transition is close to taking place.
A variable temperature SXRD experiment was carried out for the tetragonal
NH4TcO4 over the range 100-530 K. While no phase transition occurs, anomalous
thermal expansion is observed. In the temperature range 100-150 K, the a-axis
expands and the c-axis contracts at almost the same rate, this is consistent with
previous work [28]. Above this temperature, the a-axis is almost temperature
dependant, and experiences a small thermal contraction between 300-400 K. The
c-axis displays large positive thermal expansion above 150 K. Similar thermal
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expansion behaviour occurs in the rhenium analogue NH4ReO4, but only with
the ammonium ion. This and the behaviour of the a-axis, which contains chains
of alternating NH+4 and TcO
−
4 groups, indicates that hydrogen bonding between
these ions is the origin of the unusual thermal expansion behaviour. 3
Chapter 5
Analysis of PDF data of
Ba3BiRu2O9 using RMC
5.1 Introduction
5.1.1 Ba3BiRu2O9
A Ru-containing perovskite that has gained much recent attention for its strong
magnetoelastic coupling is Ba3BiRu2O9 [151, 152], along with its iridium analogue.
This 6H-perovskite has a small monoclinic distortion, adopting space group C2/c
and transitions to the hexagonal phase upon heating. As shown in Figure 5.1, it
contains face-sharing Ru2O9 octahedral dimers sharing vertices with BiO6 octahe-
dra, and the larger Ba cation occupies the larger A-sites. The volume of the unit
cell is consistent with Bi(IV), which has an unfavourable electronic configuration
of [Xe]4f145d106s1.
Figure 5.1: Representation of the unit cell of Ba3BiRu2O9. The Bi and Ru cations
occupy the centres of the blue and grey octahedra, respectively. Barium and
oxygen are shown as purple and red circles, respectively. The image on the right
shows only the BiO6 octahedra and Ru2O9 octahedral dimers.
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Ba3BiRu2O9 undergoes an isostructural first order phase transition at T* =
176 K, in which there is a discontinuity in the volume expansion, caused by elonga-
tion of the c-axis, upon cooling. Strong antiferromagnetic (AFM) coupling exists
within the Ru-Ru dimers below T*, and so the magnetic and structural dimerisa-
tion is coincident. The transition is also accompanied by a sharp drop in magnetic
susceptibility, indicative of an AFM ordering transition and the opening of a spin-
gap [151]. The same transition is observed in the Ir analogue, Ba3BiIr2O9 at T*
= 74 K, however is completely suppressed in both the Ir and Ru systems when
the Bi is replaced by any member of the lanthanide series [153]. The importance
of bismuth in this transition is apparent, but its role is unclear.
The disproportionation of Bi4+ into Bi3+ and Bi5+, or charge transfer Bi4+ +
2Ru4+ → Bi3+ + 2Ru4.5+, have both been considered as driving the transition.
BVS calculations, however, provide no evidence to support either of these mecha-
nisms. Both Ru/Ir and Bi cations have flexible oxidation states and so there are
multiple possibilities. Due to its unstable electron configuration Bi4+ has never
been observed in an oxide [154]. Consequently, Bi cations with a nominal oxida-
tion state of 4+ are expected to exist as a mixture of 3+ and 5+, as is shown to be
the case in BaBiO3 [155]. XANES analysis of the Bi L-edge indicates that the bis-
muth oxidation state is intermediate between 3+ and 5+, but cannot distinguish
between Bi4+ or Bi3+/Bi5+ [154].
The 176 K transition in Ba3BiRu2O9 is influenced by external physical, and
internal chemical, pressure [153]. Further spectroscopic analysis suggests that the
Ru oxidation state in Ba3BiRu2O9 is intermediate between +4 and +4.5, implying
a Bi oxidation state between +3 and +4 by charge balance. Variable pressure
NPD experiment of Ba3BiIr2O9 provided evidence for charge transfer between the
Bi and Ir cations, with a discontinuity observed in the BVS at the transition
temperature. This is consistent with the spectroscopy results, implying a change
from Bi4+ to Bi3.5+, and M4.5+ to M4+ occurs due to charge transfer. Furthermore,
the physical property measurements and ab initio calculations (which only result
in stable low and high pressure forms when spin polarization is included) suggest
that competition between exchange interactions, through the short M -M bond,
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and 90° M -O-M superexchange interactions play a role in the transition [156].
In summary, the experimental evidence suggests that Bi exists in an average
tetravalent state before the transition, but it is unable to distinguish between
Bi4+ and disordered Bi3+/Bi5+. Unfortunately, the diffraction techniques used
can only probe for long range cation order, and although X-ray absorption spec-
troscopy probes the local environment, the absence of a true Bi4+ standard makes
it impossible to distinguish between these possibilities. In order to do this, total
scattering neutron diffraction data was collected on Ba3BiRu2O9 and analysed us-
ing reverse Monte Carlo (RMC) methods. The ruthenium compound (instead of
iridium) was chosen to avoid the problem of Ir absorption. RMC analysis of total
scattering data is a unique way of gaining information on disordered materials
and has been shown to be sensitive to cation disproportionation [157].
5.1.2 Pair distribution function
The pair distribution function (PDF), usually used in reference to the radial dis-
tribution function G(r), is the weighted probability of finding a pair of atoms
separated by a given distance [158]. It is represented in Equation 5.1, where r is
the radial distance, ρ(r) is the atomic pair density, and ρ0 is the average atomic
number density. It contains the same information about the average structure
that can be obtained from long-range correlations that are extracted from the
Bragg component of diffraction patterns in traditional approaches. The advan-
tage of PDF analysis is that it contains additional information about short-range
correlations that are generally neglected in classical diffraction analysis. Analysis
of traditional diffraction data, such as Rietveld refinement, is performed based on
the assumption that the structure is completely ordered, and the result is a model
of a single unit cell that is assumed to repeat in 3 dimensions. In reality the struc-
ture will not be completely ordered and deviations from the average structure, in
the form of short-range correlations, can be essential in explaining the observed
properties of a material - especially when the average structure fails to do so.
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G(r) = 4pir[ρ(r)− ρ0] (5.1)
PDF analysis extends conventional crystallographic analysis by considering
the information that lies in the diffuse scattering, that occurs in between and
underneath the Bragg peaks. The total scattering function S(Q) is measured by
collecting a diffraction pattern, and the experiment is optimised such that the
information associated with diffuse scattering is more accurately probed. The
scattering function is shown in Equation 5.3 where Icoh is the measured scattering
intensity, ci is the atomic concentration, and fi(Q) is the X-ray or neutron atomic
form factor. The PDF is the real-space version of this information, that is, the
reverse Fourier transform of F (Q), shown in Equation 5.2 where F (Q)=Q[S(Q)−
1]. The unique aspect of this data is that it gives information on both the average
structure and local correlations. Other individual techniques, such as traditional
diffraction or spectroscopy, can probe either but all too often the measurements
are not consistent with each other. Furthermore, other local techniques such as
spectroscopy are generally only useful for nearest neighbour correlations. The
PDF can give information on correlations over relatively longer distances.
G(r) = (2/pi)
∫ Qmax
Q=0
Q[S(Q)− 1]sin(Qr)dQ (5.2)
S(Q) =
Icoh(Q)−∑ ci|fi(Q)|2∑
ci|fi(Q)|2 + 1 (5.3)
Because the Fourier transform is performed over Q, a large Q-range (at least
Q greater than 30A˚−1) is required to achieve adequate resolution of the PDF.
The flux required to obtain neutrons with such a large Q-range is best obtained
at spallation sources, with the exception of the hot source at the ILL [159]. The
simplest analysis of the PDF involves extracting the bond distances. Fitting the
PDF peaks can give information on the coordination number, related to the area
under the peak, and variation in bond lengths from the width of the peaks [160].
The observed PDF can also be compared to a PDF calculated from the average
structure, in order to ascertain how the local structure may deviate from the aver-
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age [161]. Additional information may be extracted through a more complicated
computational approach [162].
5.1.3 Reverse Monte Carlo (RMC)
The reverse Monte Carlo method is a modelling technique in which a calculated
model is fitted to the experimental data. In RMC analysis of total neutron scat-
tering the model is a large configuration of atoms, based on the known average
structure obtained from diffraction. The atoms exist in an approximately cubic,
orthogonal box, of length L, with periodic boundary conditions. The initial pa-
rameters include the starting configuration, as well as a number of constraints
designed to keep the configuration chemically reasonable. From this starting con-
figuration, the total PDF G(r) is calculated using Equation 5.4, where n(r) is
the number of atoms between r and r + δr from the central atom, averaged over
all atoms. The partial PDF, between a given pair of atoms, i and j, is given by
Equation 5.5, where nij(r) is the number of atoms of type j between r and r+ δr
from the central atom of type i averaged over all type i atoms.
G(r) =
n(r)
4piρ0r2∆r
(5.4)
gij(r) =
nij(r)
4piρ0r2∆r
(5.5)
The calculated PDF is compared to the experimentally determined one, and
the agreement between them is assessed using Equation 5.6, where m are the ex-
perimental points and η is experimental error. The modelling process involves
moving individual atoms and recalculating the PDF, if the move results in a re-
duction of χ2 then it is accepted. If the move increases χ2, then it is accepted
with a probability of exp(−∆χ2/2). From the model, the structure factor is also
calculated and the reciprocal space experimental diffraction data is fitted simul-
taneously with the PDF.
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χ2 =
1
η
m∑
i=1
[Gexp(ri)−Gcalc(ri)]2 (5.6)
5.2 Methods
5.2.1 Experimental methods
The Ba3BiRu2O9 sample was made by Dr Qingdi Zhou, using solid state methods.
Stoichiometric quantities of Bi2O3, BaCO3 and Ru metal were ground together
in an agate mortar and pestle and heated at 1073 K for 12 h. The sample was
reground, pelletized, and gradually heated from 750 to 800 K over 5 days, then
reground and pelletized and heated at 1400 K for 7 days with intermittent re-
grindings.
The diffraction and total scattering data were collected on the General Mate-
rials Diffractometer (GEM) at ISIS [163, 164]. Approximately 4 g of Ba3BiRu2O9
was placed in a thin-walled 6 mm vanadium can. A closed cycle helium refrigerator
(CCR) was used to control the measurement temperature. Variable temperature
diffraction data were collected between 125-300 K, with 20 K steps, and a col-
lection time of 5 minutes. Total scattering data were collected at 300 K, 210 K
and 125 K, with collection times of 80 minutes and over a Q-range of 0.7 ≤Q≤
50 A˚−1. Background runs were performed with nothing in the beam, only the
CCR, an empty vanadium can and an empty vanadium can in the CCR. For
calibration, a vanadium rod was measured. The experimental PDF data were
normalised and corrected using the Gudrun software package [165](based on the
ATLAS routines [166]), taking into account the effects of background scattering,
multiple scattering, absorption and beam intensity variation.
Structure refinements were performed in GSAS [167], using the data from
diffractometer banks 2-6. A pseudo-Voigt peak shape function was used and a
small absorption correction was refined.
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5.2.2 Theoretical methods
RMC refinements were performed using the RMCProfile code [168]. The starting
configuration was a supercell composed of unit cells obtained from GSAS refine-
ment of the average structure. The supercell was composed of 10 × 6 × 4 unit
cells, resulting in dimensions 59.4 A˚× 61.65 A˚× 58.98 A˚, a total of 240 cells and
14440 atoms. Upper and lower limits were placed on the Ru-Ru, Ru-O, Bi-O and
Ba-O bond distances, the values of these were optimised during initial simulations.
The final implementations of the code were run 10 times for each temperature,
for a duration of 10000 minutes - approximately 1 week.
5.3 Results
5.3.1 Average structure
The initial analysis consists of a conventional Rietveld analysis of the reciprocal
space diffraction data. Final refinements from the neutron data at 125, 210 and
300 K are shown in Figure 5.2, demonstrating the excellent fits obtained, and
the refined structural parameters are given in Table 5.1. The normalised lattice
parameters as a function of temperature are shown in Figure 5.3, and these results
are consistent with previous experiments [151]. The refined structures were used
to populate the RMC supercells used in subsequent PDF analysis.
5.3.2 Pair distribution function
For each final calculation at each temperature, the PDF calculated from the re-
sulting atomic configuration provided an excellent fit to the experimental PDF,
and these are shown in Figure 5.4.
The partial PDF for the Ru-Ru, Ru-O, Bi-O and Ba-O nearest-neighbours are
shown in Figures 5.5, 5.6 and 5.7. In each, the results from the separate RMC
runs are all shown, and comparing these, the greatest variance is for the Ru-Ru
distance, there being very little variation of the others. The sharp drops at the end
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Figure 5.2: NPD patterns of Ba3BiRu2O9 at 125, 210 and 300 K. The refinements
in C2/C of the bank 5 data are shown. The R-factors are 0.02, 0.03 and 0.02%,
respectively.
5.3. Results 149
Table 5.1: Refined parameters of Ba3BiRu2O9 at 300 K.
Ba3BiRu2O9
Space Group C2/c
a (A˚) 5.94066(5)
b (A˚) 10.27492(9)
c (A˚) 14.7434(2)
β (°) 91.1934(8)
Ba1 4e(0,y,1/4)
y 0.9961(8)
B (A˚2) 0.39(2)
Ba2 8f(x,y,z)
x 0.0047(5)
y 0.3322(4)
z 0.0946(2)
B (A˚2) 0.60(3)
Bi 4a(0,0,0)
B (A˚2) 1.16(1)
Ru 8f(x,y,z)
x 0.9894(3)
y 0.3320(3)
z 0.8364(1)
B (A˚2) 0.31(3)
O1 4e(0,y,1/4)
y 0.5133(5)
B (A˚2) 0.51(3)
O2 8f(x,y,z)
x 0.5267(6)
y 0.3244(4)
z 0.0913(2)
B (A˚2) 1.26(3)
O3 8f(x,y,z)
x 0.2700(6)
y 0.2407(4)
z 0.2436(2)
B (A˚2) 0.71(1)
O4 8f(x,y,z)
x 0.7629(6)
y 0.0907(3)
z 0.1022(2)
B (A˚2) 0.83(4)
O5 8f(x,y,z)
x 0.7090(5)
y 0.0927(4)
z 0.4242(2)
B (A˚2) 1.68(3)
Bi-O (A˚) 2.2629(3)
Ru-O (A˚) 2.0300(3)
Ru-Ru (A˚) 2.553(3)
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Figure 5.3: Normalised lattice parameters as a function of temperature of
Ba3BiRu2O9 obtained from Rietveld analysis of neutron scattering data.
of the distributions are a result of the constraints placed on the bond distances,
and although these appear unusual, the bond distance constraints were necessary
to prevent the distributions from tapering off in an unreasonable way.
Examining each partial distribution, the Ru-O appears quite regular around 2
A˚, and for each temperature can be fitted to a single Gaussian, this is consistent
with the range obtained from refinement (1.93-2.03 A˚). The Ba-O distribution for
each temperature has a very broad and asymmetric peak. This is consistent with
the highly flexible nature of the Ba A-site, which is nominally 12-coordinate, but is
known to also exist in 11, 10, 9 and 8-coordinate geometries within the perovskite
[11], as well as the large range obtained from refinement (2.74-3.37 A˚). The final
two bond distributions are less conventional, and will be discussed separately in
the following sections.
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Figure 5.4: The RMC calculated PDF (blue line) and experimental PDF (red
line) of Ba3BiRu2O9 at 300, 210 and 125 K. The right side panels show a range
of small r where the nearest-neighbour interactions occur.
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Figure 5.5: RMC calculated partial PDFs of Ba3BiRu2O9 from all ten separate
runs at 300 K. The sharp drops are a result of the bond constraints.
Figure 5.6: RMC calculated partial PDF of Ba3BiRu2O9 from all ten separate
runs at 210 K.The sharp drops are a result of the bond constraints.
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Figure 5.7: RMC calculated partial PDF of Ba3BiRu2O9 from all ten separate
runs at 125 K.The sharp drops are a result of the bond constraints.
5.4 Discussion
5.4.1 Ru-Ru
The Ru-Ru bond distance distributions for 125 K and 300 K each appear to be
split into two separate distributions. Fits to representative Ru-Ru partial PDFs
are shown in Figure 5.8 and the average centres of the distributions are given in
Table 5.2. For 210 K, a single Gaussian is adequate to model the distribution.
The fact that there are ‘short’ and ‘long’ dimer distances at 125 K and 300 K is
interesting, and raises the question if correlations exist between these.
Table 5.2: The average centres of the Ru-Ru partial PDF distributions
T (K) ’Short’ bond distance (A˚) ’Long’ bond distance (A˚)
125 2.40(1) 2.62(2)
210 2.47(1)
300 2.32(1) 2.65(1)
Figure 5.9 shows the final configuration of a supercell at 300 K, where only the
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Figure 5.8: Fitted calculated partial PDFs of Ba3BiRu2O9 at 300, 210 and 125 K.
Ru-Ru bonds are shown with the ‘long’ and ‘short’ distances in red and white,
respectively. By eye, these do not appear to be randomly distributed, rather, there
appear to be clusters of long and short distributions along certain directions. In
order to investigate this quantitatively, a correlation function of the form Equation
5.7 was implemented. Effectively, the midpoints of each bond were calculated, and
the distance between these midpoints are ri. Each bond was assigned an ei value
of +1 or -1, for long and short, respectively. Then for each distance rij between a
pair of atoms i and j, the sum of eiej was calculated. If a pair of atoms are both
long or both short, eiej will be +1, thus every additional long or short at a given r
will add to the sum. Similarly, if a pair of atoms are of opposite length categories,
eiej will be -1 and every bond length following this trend at a given r will add to
the negative sum. Therefore, large values indicate correlations at those distances.
ς(r) =
∑
i,j
eiej (5.7)
Representative histograms of the correlation results are shown in Figure 5.10.
If there were correlations, we would expect to see only large values at small r, so
although some ς(r) values are relatively large, we do not observe the exponential
behaviour expected if the long and short dimer distances were correlated. So,
although there appear to be discrete Ru-Ru bond distance distributions, these
appear to be randomly arranged.
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Figure 5.9: Final configuration of Ba3BiRu2O9 supercell at 300 K, where only the
Ru-Ru bonds are shown with the ’long’ and ’short’ in red and white, respectively.
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Figure 5.10: Histograms representing the Ru-Ru correlation function of
Ba3BiRu2O9 at 125 and 300 K. The x-axis is the distance between pairs of atoms,
rij
5.4.2 Bi-O
The Bi-O bond distance, as seen in the calculated partial PDF, also appears to
have two separate distributions. Immediately obvious in Figures 5.5-5.7 is the
discontinuity around r ≈ 2.5A˚, as a result of the bond distance constraints and
overlap. Nevertheless, the two distributions appear to be real features, and when
the RMC is run with constraints such that the Bi-O and Ru-O distances do
not overlap, and that the Bi-O range is constrained to be above the first peak,
unreasonable distributions for both the Ru-O and Bi-O occur.
A few approaches were used to understand the Bi-O bond length distribution in
Ba3BiRu2O9. The first was to check if the ‘short’ and ‘long’ bonds were arranged
in an ordered or random way about the Bi atoms. In order to do this, the short
and long bond distances were determined to be those less than and greater than
the minimum in between the two distributions, respectively. This was 2.2 A˚ for
300 K, and 2.12 A˚ for 210 and 125 K. Then the fraction of short (fs) and long was
determined from the partial PDF, and this used to calculate the expected number
x of short bonds around Bi, given a statistically random distribution, according
to P (xs) =
(
6
x
)
fxs (1 − fs)6−x. The number of x short bonds around Bi from the
RMC model was determined, and these values compared to that expected from a
random distribution, in Table 5.3.
Comparing the three temperatures is facilitated by plotting [xRMC/xstatistical]−
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Table 5.3: Comparison of the number of x short bonds around Bi from the RMC
model to that expected from a random distribution.
x 0 1 2 3 4 5 6
T = 125 K
Bi with x short bonds (random) 158 332 292 137 36 5 0
Bi with x short bonds (RMC) 231 331 266 110 18 2 1
T = 210 K
Bi with x short bonds (random) 171 342 285 127 32 4 0
Bi with x short bonds (RMC) 227 348 283 85 13 3 0
T = 300 K
Bi with x short bonds (random) 67 223 313 235 99 22 2
Bi with x short bonds (RMC) 111 302 334 162 40 8 2
Figure 5.11: xRMC/xstatistical − 1 of Ba3BiRu2O9 at 300, 210 and 125 K.
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1 (Figure 5.11). For all three, there are many more Bi atoms with zero short
bonds/ six long bonds than expected for a random distribution, and fewer with
4 short bonds. These results indicate that there is a preference for Bi to have 5
or 6 long bonds, and not to have 3 or 4 short bonds. That is, to some extent
the Bi prefer to have either long or short bonds, and not a mixture. Recall that
the Bi-O distance will be greater in Bi3+-O than Bi5+-O, this observation can be
interpreted as a tendency for the co-existence of Bi3+ and Bi5+, that is, charge
disproportionation.
The other way in which the arrangement of Bi-O bond distances was investi-
gated was by calculating bond valence sums. The BVS for Bi was calculated for
each configuration, and these distributions are shown in Figure 5.12. The BVS
distribution at 300 K can be fitted with a single Gaussian, and the centre of this
distribution is 4.18. This provides evidence for the existence of Bi in the unstable
tetravalent oxidation state. When comparing this to the other two temperatures,
we must keep in mind that the Ro values used to calculate the BVS are for room
temperature, and so we expect the values to fall on a linearly sloped background.
Nevertheless, it is immediately obvious that the BVS distributions at both 210 K
and 125 K require two Gaussians to fit the distributions.
Figure 5.14 shows the peak centres averaged from all 10 calculations for each
temperature. These results suggest that the Bi exists in the unstable tetravalent
state at 300 K, and that the charge is disproportioned at 210 and 125 K into
presumably Bi3+ and Bi5+. The triangular disposition of the Bi sites creates
frustration which prevents long-range order (Figure5.13).
Although the centre of the BVS distributions are not as low as 3 or as high
as 5, there are a few things that can account for this. Firstly, as mentioned
above, the ambient temperature bond valence constants Ro values are used in the
calculation. More importantly, however, is the nature of the RMC calculation,
which inherently tends to disorder. Therefore, it is reasonable to assume that
the resulting configuration is more disordered than it is likely to be in reality, in
this case, the short and long bonds are more disordered resulting in BVS values
closer to 4. In fact, the results of the statistical distribution examined above show
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Figure 5.12: Bi BVS distribution calculated from RMC configuration of
Ba3BiRu2O9 at 300, 210 and 125 K. Here the black, blue and red lines repre-
sent the overall RMC calculated BVS, the individual fitted distributions, and the
overall fit, respectively.
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Figure 5.13: Arrangement of Bi atoms in Ba3BiRu2O9, showing a single layer,
here the triangular arrangement is shown which is the source of frustration.
Figure 5.14: Centres of the Bi BVS distribution, shown in Fig 5.12, calculated
from RMC configuration of Ba3BiRu2O9 at 300, 210 and 125 K.
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a tendency for Bi to have more 5 or 6 long bonds than expected for a random
distribution. So, it is possible that due to the tendency of RMC to disorder, the
observed subtle trends are much more pronounced in reality.
5.5 Conclusion
Analysis of the PDF of Ba3BiRu2O9 using RMC provided insight into the local
structure otherwise inaccessible with other techniques. However, as with anything,
limitations must be acknowledged and taken into consideration when interpreting
these results. In the RMC method, the calculated PDF from a large configuration
of atoms is fitted to the experimental PDF. Since many configurations can result
in the same calculated PDF, it is not one particular configuration that we accept
as a likely structure. Rather, it is common features observed in multiple configura-
tions that are used to provide information about the system. In all configurations
we did indeed observe two distinct Bi-O bond distance distributions, which show
a tendency to be arranged around Bi atoms with more 5 or 6 long bonds than
expected for a random distribution. This is reflected in the calculated BVS dis-
tributions, which are also split with values greater and lower than 4, consistent
with charge disproportionation.
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Appendix A
Structural information U-oxides
Table A.1: Refined structural parameters of Ba2SrUO6 from SXRD data.
Ba2SrUO6
Space Group P21/n
a (A˚) 6.24635(2)
b (A˚) 6.26963(2)
c (A˚) 8.83141(3)
β (°) 89.7881(1)
Ba 4e(x,y,z)
x 0.5070(1)
y 0.5286(1)
z 0.2498(1)
B (A˚2) 0.79(1)
Sr 2c(1/2,0,0)
B (A˚2) 0.78(1)
U 2b(0,1/2,0)
B (A˚2) 0.11(1)
O1 4e(x,y,z)
x 0.1946(10)
y 0.2485(10)
z -0.0550(7)
B (A˚2) 0.88(7)
O2 4e(x,y,z)
x 0.2455(11)
y 0.6866(10)
z -0.0541(7)
B (A˚2) 0.88(7)
O3 4e(x,y,z)
x 0.4098(9)
y 0.9721(8)
z 0.2779(6)
B (A˚2) 0.88(7)
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Table A.2: Refined structural parameters of Ba2CaUO6 from SXRD data.
Ba2CaUO6
Space Group P21/n
a (A˚) 6.16170(4)
b (A˚) 6.11787(4)
c (A˚) 8.64588(5)
β (°) 90.0984(3)
Ba 4e(x,y,z)
x -0.0027(2)
y 0.4886(1)
z 0.2503(1)
B (A˚2) 1.11(1)
Ca 2a(0,0,0)
B (A˚2) 0.59(3)
U 2c(0,0,1/2)
B (A˚2) 0.47(1)
O1 4e(x,y,z)
x 0.0623(4)
y 0.0047(6)
z 0.2652(4)
B (A˚2) 0.97(4)
O2 4e(x,y,z)
x 0.2469(5)
y 0.2790(5)
z -0.0344(4)
B (A˚2) 1.40(7)
O3 4e(x,y,z)
x 0.2877(5)
y 0.7606(6)
z -0.0383(6)
B (A˚2) 1.48(7)
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Table A.3: Refined structural parameters of BaSr2UO6 from a combination of
NPD and SXRD data.
BaSr2UO6
Space Group P21/n
a (A˚) 6.13109(2)
b (A˚) 6.24051(2)
c (A˚) 8.73149(2)
β (°) 89.904(1)
Ba/Sr 4e(x,y,z)
x 0.5107(3)
y 0.5374(1)
z 0.2485(1)
B (A˚2) 1.09(1)
Sr 2c(1/2,0,0)
B (A˚2) 1.13(1)
U 2b(0,1/2,0)
B (A˚2) 0.41(1)
O1 4e(x,y,z)
x 0.1844(7)
y 0.2351(7)
z -0.0636(6)
B (A˚2) 1.77(8)
O2 4e(x,y,z)
x 0.2712(6)
y 0.6804(6)
z -0.0460(6)
B (A˚2) 1.64(8)
O3 4e(x,y,z)
x 0.4015(6)
y 0.9588(6)
z 0.2733(5)
B (A˚2) 1.09(1)
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Table A.4: Refined structural parameters of BaSrCaUO6 from SXRD data.
BaSrCaUO6
Space Group P21/n
a (A˚) 6.05541(7)
b (A˚) 6.09083(6)
c (A˚) 8.57261(9)
β (°) 90.074(2)
Ba/Sr 4e(x,y,z)
x -0.0027(2)
y 0.4886(1)
z 0.2503(1)
B (A˚2) 1.11(1)
Ca 2a(0,0,0)
B (A˚2) 0.59(3)
U 2c(0,0,1/2)
B (A˚2) 0.47(1)
O1 4e(x,y,z)
x 0.0623(4)
y 0.0047(6)
z 0.2652(4)
B (A˚2) 0.97(4)
O2 4e(x,y,z)
x 0.2469(5)
y 0.2790(5)
z -0.0344(4)
B (A˚2) 1.40(7)
O3 4e(x,y,z)
x 0.2877(5)
y 0.7606(6)
z -0.0383(6)
B (A˚2) 1.48(7)
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Table A.5: Refined structural parameters of Sr2CaUO6 from SXRD data.
Sr2CaUO6
Space Group P21/n
a (A˚) 5.9337(1)
b (A˚) 6.0676(1)
c (A˚) 8.4509(2)
β (°) 90.139(3)
Sr 4e(x,y,z)
x 0.5101(3)
y 0.0453(1)
z 0.2500(3)
B (A˚2) 0.89(5)
Ca 2a(0,0,0)
B (A˚2) 0.55(3)
U 2c(0,0,1/2)
B (A˚2) 0.10(2)
O1 4e(x,y,z)
x 0.1010(3)
y -0.0417(3)
z 0.2349(4)
B (A˚2) 0.88(4)
O2 4e(x,y,z)
x 0.2827(4)
y 0.1876(3)
z -0.0471(3)
B (A˚2) 0.92(5)
O3 4e(x,y,z)
x 0.1855(4)
y 0.7191(4)
z -0.0589(3)
B (A˚2) 0.89(3)
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Table A.6: Refined structural parameters of Sr3UO6 from SXRD data.
Sr3UO6
Space Group P21/n
a (A˚) 6.00652(9)
b (A˚) 6.22108(9)
c (A˚) 8.60958(1)
β (°) 90.2748(4)
Sr 4e(x,y,z)
x 0.5141(4)
y 0.5500(2)
z 0.2451(2)
B (A˚2) 2.03(3)
Sr 2c(1/2,0,0)
B (A˚2) 1.42(4)
U 2b(0,1/2,0)
B (A˚2) 0.28(1)
O1 4e(x,y,z)
x 0.1798(8)
y 0.2236(8)
z -0.0725(6)
B (A˚2) 1.29(8)
O2 4e(x,y,z)
x 0.2779(8)
y 0.6816(8)
z -0.0475(6)
B (A˚2) 1.29(8)
O3 4e(x,y,z)
x 0.3917(7)
y 0.9420(7)
z 0.2764(5)
B (A˚2) 1.33(8)
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Table A.7: Refined structural parameters of Ca3UO6 from SXRD data.
Ca3UO6
Space Group P21/n
a (A˚) 5.72888(3)
b (A˚) 5.95712(3)
c (A˚) 8.29970(4)
β (°) 90.5732(3)
Ca 4e(x,y,z)
x 0.5139(3)
y 0.5536(3)
z 0.2427(2)
B (A˚2) 0.80(4)
Ca 2c(1/2,0,0)
B (A˚2) 0.51(4)
U 2b(0,1/2,0)
B (A˚2) 0.05(1)
O1 4e(x,y,z)
x 0.1746(10)
y 0.2151(9)
z -0.0803(7)
B (A˚2) 1.32(8)
O2 4e(x,y,z)
x 0.2922(10)
y 0.6742(9)
z -0.0489(7)
B (A˚2) 1.32(8)
O3 4e(x,y,z)
x 0.3763(9)
y 0.9298(9)
z 0.2733(6)
B (A˚2) 1.32(8)
Appendix B
Tc-oxide data
Figure B.1: Lab XRD patterns of BaxSr1−xTcO3.
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Figure B.2: Room temperature S-XRD patterns of BaxSr1−xTcO3 x = 0.1 - 0.4.
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Figure B.3: Hysteresis loops at base temperature for SrTcxRu1−xO3 with x=0,
0.25, 0.50.
